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CRYSTALLIZATION OF UNVULCANIZED RUBBER AT 
DIFFERENT TEMPERATURES? 


By Lawrence A. Wood and Norman Bekkedahl 





ABSTRACT 


The crystallization and melting of unvulcanized natural rubber in the un- 
tched state have been investigated at different temperatures. Change of 
lyme has been used as a quantitative measure of the extent of crystallization, 
yd mereury-filled dilatometers containing the rubber have been used for the 
me measurements. 

rystallization was observed to occur at temperatures between —50° and 
and to be most rapid at about —25° C. The final decrease of volume 
rystallization was usually found to lie between 2.0 and 2.7 percent. 

The melting of the crystalline rubber was found to occur over a range of tem- 
rature and to be strongly dependent on the temperature at which the crystals 
formed. The temperature at which the beginning of melting occurs is 
4 to 7 degrees above the temperature of crystallization. The range of 
elting is about 35 degrees at the lowest temperatures and decreases to about 10 
grees at the highest. The same range of temperature of melting is obtained 
mardiess of the extent of the crystallization. 
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I. INTRODUCTION 


Crystals may be formed in natural rubber under quite varied ex- 
brimental conditions. Different combinations of stretching and 


—_—uneqx~ 
Presented at the meeting of the Division of High Polymer Physics of the American Physical Society 
f r lumbia University, New York, N. Y. on January 26, 1946. This paper also appears in J. Applied 
5. 17, 362 (1946). 
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cooling have been used to induce crystallization in unvulcanized , 
in vulcanized rubber. The appearance and disappearance of cryst, 
have been studied by observations of the volume [5, 8, 32}? }. 


This ¢ 
pen dur 


capacity [6], light absorption [53], birefringence [40, 58, 63, 67, 7 ee 
X-ray diffraction [22], and hardness [53] and other mechanical pro ee in | 
erties [42]. There has, however, been no comprehensive study Ke hollo 
the effect of temperature on the crystallization. The present inyoss ‘the di 
gation was undertaken in order to explore this field. on ty] 

In the work reported here it has been the aim to study the crystg! ay 
zation at different temperatures under the simplest possible conditio The d 
The main features of the crystallization of vulcanized rubber hay. from 
been shown [8] to be similar to those of the crystallization of uny ee t 
canized rubber, the vulcanization causing a decrease in the rate 4 an and 
crystallization. Consequently, unvulcanized rubber was selected {@..- noce 
study. Stretching obviously adds complication to the experiment cane 


conditions, and so was not employed. Of the different methods 


measuring crystallization it seems that change of volume is { eulat 
simplest and best adapted to yielding quantitative data about ¢ vuld hi 
course of the crystallization or fusion. The present work, therefor aot 
is concerned with a general study of the volume changes in unvulll of { 
canized rubber at different temperatures. The v 
om the 

Il. EXPERIMENTAL PROCEDURE - ,s 

The volume changes of the specimens were measured by the uf/. 
of dilatometers with confining liquids. The method incorporatqim” —y 
some improvements over that previously used [5, 8]. The dilatometer ss we 
were made of Pyrex glass, and each consisted merely of a bulb with =r 
capillary tube sealed to it. Changes in volume could be calculated.” . 
from measurements of changes in the height of the confining liqui wy 
in the capillary tube. Mercury was selected as the confining liqui awl 


because it seems to have no effect on rubber, even when the two a 
in contact for periods of several years. Some absorption, swellin 
and softening usually occur with other liquids. The specimens we 







acting 
vture of 


















strips cut from plantation smoked sheet rubber. mae 
The construction of the dilatometers and the procedure of fillin ‘id YI 
them were somewhat improved during the course of the work reporte ™ i 
here. In the later dilatometers, the capillary tubes were about 2 m ek ol 
in inside diameter and about 500 mm in length. They were speciallg™m . ““'S 
selected capillaries, but were not of the precision-bore type recently ning 
developed. They were graduated in millimeters along their lengt! 7 a 
The tubes were calibrated by sealing a stopcock to one end, and 0! “10° C 
serving the lengths of weighed amounts of mercury at five or mong... 
different points along each tube. The maximum variation in cros ‘sho! » 
sectional area along a single capillary was found to be about 3 pe - ote 
cent in most cases. Each capillary was then sealed to a glass tut ae 
about 15 mm in inside diameter, the other end of the tube being lel wr 
open. Into the glass tube were inserted a weighed rubber specime core 
and a hollow glass bulb about 40 or 50 mm long. Finally, the opel. \ omy ' 
end of the glass tube was sealed off to form the bulb of the dilatom mene 
eter. — 
5 

brium 


* Figures in brackets indicate the literature references at the end of this paper. 


Wout | 
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la This construction made it possible to avoid heating of the speci- 
Stal. during the sealing operation without unduly increasing the net 
he@ii lume of the dilatometer bulb. In most cases the volume of the 


4 ocimen was between two and three times the volume of the mer- 
MOMory in the bulb of the dilatometer. The effect of the insertion of 
ry 4e hollow bulb is equivalent to a mere reduction of the net volume 
esta the dilatometer bulb. As the inner hollow bulb was made of the 
ame type of glass as the rest of the dilatometer, neither its volume 
tallor its expansivity entered directly into any of the calculations. 

oni The dilatometer was next evacuated for several days to remove 
havil.sfrom the specimen. Mercury was then admitted to the evacuated 
\VUEEsstem through a two-way stopcock, until it filled the dilatometer 
‘¢ GM) and stood at a suitable height in the capillary. Occasionally it 
| {@xs necessary to carry out further removal of gas until the height of 
*NUG@e mercury in the capillary did not change by more than a few mil- 
eters as the pressure was again raised to that of the atmosphere. 

“culation showed that the gas remaining under these conditions 

(iuld have negligible effect on the chemvel specific volume and ex- 
for@nsivity. The dilatometer was weighed before and after the addi- 
VUGEon of the mercury. 

The volumes of specimen and mercury at 25° C were determined 
om their weights and densities. The densities of the rubber speci- 
sens at this temperature were measured by the method of hydro- 
katie weighings. The volume of the dilatometer up to the level of 
mercury in the capillary at this temperature was obtained as the 
am of the volumes of the mercury and the specimen. At any other 
wuperature the volume up to the same point on the capillary was 
und from the known expansivity of Pyrex glass. The volume of the 
jitometer up to any other point on the capillary could then be cal- 
“Melted from the calibration of the capillary. The volume of the 
1“H¥cimen corresponding to each observation was obtained by sub- 
meting from this volume the volume of the mercury at the temper- 
vure of the observation. 

After the specimens and dilatometers had been prepared, they were 
™ sually placed in a stirred bath of about 6 liters of alcohol cooled by 
vlid carbon dioxide to a temperature of about —39° C, an approxi- 
nite lower limit set by the freezing of the mercury. Observations of 
jammce height of the mercury in the capillary were made as the tempera- 
image Was raised to +55° C at a rate of the order of 0.5 degree per 
yaeaute. At the lower temperatures the bath was warmed at about 
was rate by the heat from its surroundings. Beginning at about 
10° C, additional heat was furnished by means of a knife-type 
anersion heater controlled by a variable ratio autotransformer. The 
ucohol was usually replaced with water for measurements above room 
emperature. In this manner the volume-temperature relation of the 
morphous rubber was obtained. This relation, which is linear over 
‘considerable range of temperature, will be described and discussed 
igreater detail later in connection with the melting of crystalline 
hbber. 
lt was found in preliminary experiments that at a heating rate of 
)degree per minute or less no observable differences from the equi- 
‘rum values of the volume could be noted. At a heating rate of 
‘out 1 degree per minute the apparent volume lagged behind the 


t 
3 
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equilibrium value by an amount equivalent to about 1 degree. A; 
heating rate of about 2 degrees per minute, the lag was about 
degrees. 


The dilatometers were next placed in a small unstirred aleoh, 


bath in a refrigerator at the temperature at which it was desired ; 
crystallize the rubber. Observations of the height of the liquid j 
the capillary tube were made periodically and usually continue 
until no further volume change could be noted. 

When it was observed in this manner that the rate of crystalliz 
tion had become inappreciable, the specimens were placed in th 
stirred bath of alcohol cooled by solid carbon dioxide to a temperatur 
of about —39° C. Observations of the volume were made as befora 
as the temperature was raised, and the volume-temperature relatiog 
of the crystalline rubber was obtained. 

In a number of cases, to be described in detail later, there wor 
deviations from this standard procedure for the purpose of studying 
the effect of varying some of the experimental conditions, or becaus 
the importance of some of the exact conditions was not realized 4 
the time the experiment was performed. 


III. EXPERIMENTAL RESULTS 
1. RATE OF CRYSTALLIZATION 


When crystallization was carried out according to the procedur 
just described it was found that the rate was very low at first, 


creased to a maximum, and decreased to a negligible value. Th¢ 


volume-time relation at constant temperature thus has the sigmoi 
shape which has previously been given [5, 8, 69] for crystallizatior 
near 0° C. Figure 1 shows two families of such curves, one for crystal 
lizing temperatures of —22° C and above, and the other for —22 
and below. 

As the volume is changing very slowly in the final stages, a deter 
mination of the time required for completion is somewhat uncertai 
The time required for one-half the total volume change is muc 
more precisely determinable since the curves are usually steepes 
near this point. The time required for half the volume change ha 
been measured at a number of different temperatures. The reci 
rocal of this time, it can be readily seen, is a measure of the averag' 
rate of crystallization during the first half of the process. I! 
plotted as a function of temperature in figure 2. 


2. MELTING OF CRYSTALLIZED RUBBER 


When the volume-temperature relation of crystalline rubber is 
vestigated, as already described, curves of the type shown in figur 
are obtained for increasing temperatures. 


It can readily be seen that melting of the crystals occurs over § 
range of temperature and that the range is markedly dependent 0 


the temperature at which crystallization has occurred [7]. The tem 


perature corresponding to the beginning of melting is that at whic! 


the volume begins to deviate from the curve representing the normé 
thermal expansion of crystalline rubber. Over the range of tem 
peratures under consideration here the normal expansion curv! 
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URE Crystallization of rubber at different temperatures as indicated by 
decrease in volume. 











The arrows indicate the estimated values for half the total decrease of volume at each temperature. 


inear, and the temperature at which deviation begins to occur can 
located within about one-half degree. Similarly, melting is com- 
ete when the volume again reaches the nearly linear curve that 
npresents the volume-temperature relation of amorphous rubber, 
d which was evaluated earlier. 

“There was found to be no evidence of any time lag, or delay, in 
‘ ting of the crystals after the establishment of thermal equilibrium. 
Or example, at any constant temperature in the melting range the 
0 lume was never Observed to increase with time. In this range if 
e temperature is lowered, the volume-temperature relation is ob- 
erved to be linear and intermediate between the amorphous and 
stalline volumes. Rubber in the partially melted state, however, 
an undergo additional crystallization, with a resulting decrease of 
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The rate plotted is the reciprocal of the time required for one-half the total volume change *3 7 
hich 
. e.* , nto th 
volume. If the temperature at which the additional crystallizatioir, +h 
° . . . . r tM 
occurs is the same as that at which the first crystallization has o@ “- 
° ° ° ° ° . 1 Nan od. 
curred, the melting curve is identical with that obtained from tg” by 
complete melting of the first crystals. If the additional crystalliz@iif!” 








tion occurs at a different temperature from the first crystallizatiogiy” on 
two different ranges of melting will be observed, corresponding indé vt ; 
pendently to the two temperatures of crystallization. Further di . 
cussion of this effect will be given in the section on stark rubber ange 
is illustrated in figure 7 in that section. ~~ 
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The additional crystallization possible in partially melted rubber 
sntioned in the preceding paragraph is considered in more detail in 
ye section dealing with recrystallization. At this stage, however, it 
yould be pointed out that the phenomenon may give rise to difficulty 
determining the upper end of the melting range itself. 
The rate of crystallization at certain temperatures was sufficiently 
at to permit significant recrystallization during the time that the 
mperature was being raised through the melting range of the 
rgnal crystals. As the recrystallization took place at a higher 
mperature than the original crystallization, the new crystals melted 
+a higher temperature than the original crystals, and the apparent 
pper end of the melting range was displaced upward by an amount 
bat depended on the rate of temperature rise during melting. 

When the initial crystallization occurred below 0° C, therefore, the 
pper end of the melting range was determined from a series of experi- 
nts at each temperature of crystallization. A stirred bath was 
jjusted to the approximate temperature of the upper end of the 
wlting range. The dilatometer was then removed from the bath in 
hich the original crystallization had been taking place and plunged 
ito the stirred bath. The volume of the specimen increased because 
{both thermal expansion and the melting of the crystals. In less 
han 5 minutes, a reasonable time for the establishment of temperature 
tallizqeulibrium, the volume became constant. After an interval of time, 
zation’ Volume began to decrease because of recrystallization at the 
> indgemperature of the stirred bath. sf ch 
<a If the value of the volume when temperature equilibrium had 
ecoome established and before observable recrystallization had 
curred was the same as that originally observed for amorphous 
ubber at the corresponding temperature, it was concluded that the 
emperature of the stirred bath was at or above the upper end of the 
vlting range. If the volume at equilibrium was less than that of the 
morphous rubber at that temperature, the conclusion was drawn 
tat the melting was incomplete and that the temperature of the bath 
as below the upper end of the melting range. As might be expected, 
be volume at equilibrium was never found to be greater than the 
lume of the amorphous rubber. A series of experiments of this 
ort served to locate the upper end of the melting range corresponding 
»asingle temperature of original crystallization, and an additional 
ries was required for each other temperature. 
If the initial crystallization occurred at 0° C or above, the rate of 
wrystallization during melting was found to be so small as not to be 
gnificant during the time the specimen was in the melting range 
fhen the usual heating rates were employed. At these temperatures 
be range was of the order of 10 degrees or less, and the time required 
» cover the range was usually between 20 and 30 minutes. The 
upper end of the melting range was determined from curves of the 
ype shown in figure 3 for all cases where the initial crystallization 
ws at 0° C or above. 
The results of a number of individual experiments of this sort 
wre plotted in figure 4, which shows the melting range as a function of 
ke temperature of crystallization. 

In one series of experiments a specimen was successively crystallized 
tid melted 16 times. After each melting the temperature was raised 
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The lowest line shows the crystallization temperature also as ordinate for easier comparison with the rm 
of melting. 
by different amounts varying from 1 to 40 degrees above the end 
the melting range. In all cases, the same melting range was obtain 
on subsequent crystallization at a fixed temperature. cur 
mbber at 
3. PARTIAL CRYSTALLIZATION Lager ty 
mpe 
The melting range of partially crystallized rubber has been fou 
to be the same as that obtained when the crystallization is mor ns ¥ 
nearly complete. Data regarding this point were obtained from fom fi 
series of experiments in which the specimen was kept at 2° C fol pote} 
different lengths of time, and the melting range of the resulting na] ex 
crystals then measured. In the first experiment, after 20 days of found 
crystallization the volume decrease amounted to 2.7 percent. In th@ the ost 
second experiment, crystallization was interrupted at the end of Gi thore 
days when the volume change amounted to only 1.0 percent (or 3@M yhole 
percent of the volume change in the first experiment). In the thitGi yeeyrr 
experiment, by interruption of the crystallization after 1 day th@™ mocti, 
volume change was limited to 0.085 percent (or 3.1 percent of t! Vern 
in the first experiment). 0 tha’ 
The melting range in all three cases was 6° to 16°, within th@j—jg°, 
accuracy of determination. On the basis of these experiments, th@j+\° 
cry stallization in some cases was not carried completely to the poi Ire 
where the volume had ceased to change at a significant rate. Case vction 


of this sort will be observed in figure 3. 
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4. RECRYSTALLIZATION OF RUBBER 

























It will be noted that in the cases previously described the specimens 
sere heated to at least 55°C immediately before crystallization. 
The purpose of this heating was to destroy centers of crystallization 
‘at might have been persisting from previous crystallizations, and 
ot would have altered the rate of crystallization. A study of the 
ate of recrystallization when the specimen had not received such 
ating will now be described. 

The preliminary crystallization was first carried out overnight at 
-33°C according to the standard procedure already described. 
The specimen was then plunged into a bath held at 0° C, and observa- 
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Figure 5.—Recrystallization of rubber at 0° C. 


The curves show the change of volume as a function of time, after preliminary crystallizations at the fixed 
wnperatures indicated on the curves. The zero on the ordinate axis represents the volume of amorphous 
mbberat 0° C. The zero on the time scale represents the time at which the dilatometer was plunged into 
debath at 0° C. Observations taken in the first 5 minutes, before the attainment of temperature equilib- 
rum, areomitted. The upper ends of the melting ranges, as read from figure 4, corresponding to the differ- 
ot temperatures of preliminary crystallization are —2°, —1°, +1°, +2°, +4°, +6°, and +9° C, respectively. 


tions were made of the change of volume with time. It will be noted 
fom figure 4 that the melting of crystals formed at —33° C is com- 
dete below 0° C. At first, there was a volume increase due to ther- 
nal expansion and to the melting of the crystals. This change was 
found to be complete within about 5 minutes, a reasonable time for 
the establishment of thermal equilibrium. After an interval of time 
there was a volume decrease due to recrystallization at 0°. The 
vhole procedure was repeated with the preliminary crystallization 
eeurring at —28°, —25°, —21°, —17°, —13°, and —8°C, re- 
sectively. The results are reproduced in figure 5, 

Very similar results were obtained when the conditions were altered 
” that the preliminary crystallization was carried out in each case at 
-18° C, and the recrystallization at temperatures of —8°, —4°, 0°, 
+1°, +2°, and +4°C, respectively. The results are shown in 
igure 6. The significance of these results is discussed in a later 
‘ection, 
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Ficure 6.—Recrystallization of rubber after preliminary crystallization at —18 


































The curves show the change of volume as a function of time at the temperatures indicated. The rer 
the ordinate axis represents, in each case, the volume of amorphous rubber at these temperatures. 1 v 04>“ 
zero on the time scale represents the time at which the dilatometer was plunged into the bath at the temper 
tures indicated. The dark circles represent the volume observed immediately after the attainment 
thermal equilibrium. The upper end of the melting range, as read from figure 4, corresponding to prelir 
nary crystallization at —18° C is +4° C. 


5. STARK RUBBER — 
When received in temperate climates, crude rubber is sometim 
found to be crystallized [28, 29] and to have a melting range abov FIGUR 
room temperature. For convenience in the present discussio 


crystalline rubber having a melting range extending above 25° (9 ™svecit 
will be called stark rubber in accordance with the suggestion : 
Pickles [51] and Whitby [72] as it is stiff and rather rigid at roon 
temperature. The use of such a term is not intended to imply any 
essential fundamental difference between stark rubber and tha 
melting at lower temperatures. It is to be presumed, on the basi 
of figure 4, that during the formation of the crystals in stark-rubb 
conditions were such that the stark rubber was crystallized at temper 
atures higher than about 10° C. No cases, other than those in th 
present paper, seem to have been reported in which the temperatur 
of crystallization was measured (or even estimated, within 10 degre 


nished 
ver, Wi 
cystals 
whereas 


centigrade) during the formation of stark rubber. It sh 

One sample of stark rubber, for which the authors are indebted tabyoardi 
H. I. Cramer, formerly professor at the University of Akron, was found, or | 
to have a melting range from about 32° to 39° C. When specimens inme 
of this stark rubber were placed in a dilatometer and held at a tem@iion of 
perature of about 1° C for 48 days considerable additional crystallize Zi njuene 
tion occurred, most of it within the first few days. When the specimen jowed 
were melted in the usual manner the curves shown in figure 7 Weralyriod , 
obtained. The line between 16° and 32° C passes throu h the points ions in 
obtained before the stark rubber was held at 1° C for the additional hat er, 


crystallization. this 


In another experiment, one end of a strip of stark rubber W®Mjwriain 
immersed in water at 50° C for a few minutes. The lower end W85H jscrj}, 
thereby melted, whereas the upper end remained in the stark cond-Hjunp}e 





tion. When the whole strip was placed in a refrigerator at 1° ‘ 


it wide 
for several weeks the lower end crystallized and could not be distin 


0 Inve: 
that he 
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FieurE 7.—Further crystallization and melting of a sample of stark rubber, 


The specific volume of the sample as received is shown at A. It was cooled to B, where further crystalli- 
sion occurred, reducing the specific volume to C. After cooling the sample to D, the temperature was 
niedto E. The temperature was lowered to F, and then raised to room temperature at G. 


anvageished by visual or tactual observation from the upper end. How- 
wer, when the strip was allowed to come to room temperature the 
eystals in the lower end melted, as would be expected from figure 4, 
rhereas the upper end remained stark. 


IV. DISCUSSION OF RESULTS 
1, RATE OF CRYSTALLIZATION 


lt should be recognized that the measurements reported here 
garding the rate of crystallization were all made on not more than 
wo or three specimens of smoked sheet that had been heated to 55° 
Vinmediately before the crystallization. The conditions of prepara- 
ton of the rubber from the latex undoubtedly have a considerable 
nluence on the rate of crystallization [42]. Uncoagulated latex 
sowed no volume change when kept in a dilatometer at 2° C over a 
riod of several months. This behavior confirmed previous observa- 
ons in this laboratory [5]. Likewise, qualitative observation showed 
hat crystallization was extremely slow in a sheet of evaporated latex. 

this case crystallization appeared to take place most readily in 
“tain regions. This effect is similar to the “patchy crystallization” 
«scribed by Treloar [69], who reported that visual observations on a 
unmple of smoked sheet showed that neighboring portions crystallized 
tiwidely different rates. No attempt was made in the present work 
“nvestigate the exact reasons for such differences. Various factors 
‘at have been reported to increase the rate of crystallization are 
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ypproxt 


residual stresses remaining after previous mechanical treatme jm”! 98 
giter 20 


moderate pressure [40, 65, 66, 77] and exposure to a beam of X-ra 


[47]. Very high pressures may inhibit crystallization [18]. Tym /2° ‘ 
effect of previous thermal treatment on the rate of crystallization ga : 
discussed in the sections dealing with recrystallization. prer Ut 
It would appear reasonable from theoretical considerations to sym’ “)* 
pose that an increase of mobility of the atomic chains, brought about It 18 
for example, by mastication of the rubber, would increase the rat sae 
of crystallization. Although van Rossem and Lotichius [53] coy pring 
find only insignificant differences in the rate of crystallization wit that eI 
increasing times of milling, Katz [35], Gehman [22], and Cotton [17 he 
all state that masticated rubber crystallizes more readily than wae” 
masticated. The reverse effect, a decrease in the rate of crystalliza . TEMI 
tion caused by a decrease in the mobility of the chains on vulcanizatioy 
has already been described [8]. Ther 
The rates of crystallization observed in the present work are ifyre ne: 
reasonable agreement with observations of density by Bekkedalihe fort 
[5] and Treloar [69] at 0° C, by Smith and Hanna [56] at —20° b7] dev 
and by van Rossem and Lotichius [53] at 4° C and —10° C. Likellihat it ¢ 
wise, a similar rate can be calculated from observations of Young'diure of : 
modulus at 0° C made by Conant and Liska [16]. ization. 
veld bet 
2. LOWER LIMIT OF TEMPERATURE OF CRYSTALLIZATION ah re) 
It has been recognized for some years that rubber does not crystalqm’™S © 
lize at extremely low temperatures. No crystallization was evident. 
in a specimen [5] cooled at —259° C, or in another [52] held at —1999° MAG 
C for 8 days. Other specimens [5, 49] were kept between —50°C andi pp, | 
—78° C for 3 weeks without the occurrence of crystallization but did@ tion ¢ 
crystallize at —35° C and above. The present work serves to locat@ina) 
more definitely the lower limit of temperature at which crystallizatiogi.. an 
is possible as about —50° C. Figure 2 shows that the rate of crystalgiy speci 
lization has become negligible below this temperature. Here th@@. tho ; 
mobility is presumably insufficient to permit the orientation necessary. mich 
for the formation of crystals. The supercooling of rubber is similagit. ¢} 
in this respect to that of selenium [45], sulfur, and many organi@™j.y o, 
liquids. parisons 
3. UPPER LIMIT OF TEMPERATURE OF CRYSTALLIZATION bad 
Crystallization has not been reported at the room temperature peated 
(usually above 20° C) normally maintained in American laboratoriesgiy** th 
No evidence of it was noted in the present investigation when dilag@j®*™ges 
tometers were kept at room temperature over a period of a year omg #uon' 
more. In European laboratories, however, where the temperaturegyy” diffe 
are frequently near 15° C, the crystallization of rubber on storagqg*ses: 
has been noted on a number of occasions [38, 44, 46, 52]. Cotto 7 case 
[17], for example, states: ‘‘When smoked sheet and crepe rubber ha‘ mithin 
been in storage for some time, they gradually harden and assume nntrol. 
frozen condition. This is due to crystallization.’”’ In the presen Value 
work the highest temperature at which crystallization was observe . — 
was 14° C. At this temperature, under the experimental condition “ 3 


described here, the time required for crystallization is of the orde 
of years. Crystallization at this temperature was continuing 4 4 
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pproximately constant rate when the experiment was discontinued 
iter 289 days. 

“The crystallization observed in European laboratories appears to 
cur at a more rapid rate than this. Quite probably temperatures 
pwer than 15° C during the night initiated the crystallization, and 
he crystals then formed were not melted near 15° C during the day. 
It is possible to increase the rate of crystallization by varying the 
vious thermal or mechanical treatment of the specimen, and thereby 
hming more centers of crystallization. Consequently, it is likely 
hat the upper limit of temperature of crystallization shown in figure 
»may be raised somewhat by the proper previous treatment of the 
nibber . 
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TEMPERATURE AT WHICH CRYSTALLIZATION IS MOST RAPID 


The rate of crystallization was found to be a maximum at a tempera- 
lure near —25° C, as can be seen in figure 2. In the production of 
the form of raw rubber known as “cut sheet” or “patent rubber” 
07] developed in Europe many years ago, rubber is crystallized so 
that it can be cut into sheets. The rubber is often held at a tempera- 
wre of about —5° for a few days in order to bring about the crystal- 
ization. More recent books [9, 64] state that the rubber should be 
ield between —5° and —10° C for at least 6 days. No quantitative 
sudy of the rates at different temperatures, as in the present work, 
vems to have been reported previously. 


5. MAGNITUDE OF THE VOLUME CHANGE ON CRYSTALLIZATION 


The magnitude of the percentage decrease of volume on crystalli- 
ntion can be noted from curves of the type shown in figure 1. The 
xtual specific volume of the amorphous rubber varies with tempera- 
ture, and can be read from curves like those in figure 3. The decrease 
if specific volume on crystallization is of course found to be the same 
ss the increase of specific volume on subsequent melting. However, 
Sut might be pointed out that the percentage decrease of volume is not 
itGuite the same as the subsequent percentage increase of volume, as 
WG hey are fractions of different quantities. Furthermore, any com- 
mrisons must be made at the same temperature. 

In most cases in the present work, the decreases of volume on 
rystallization were found to lie between 2.0 and 2.7 percent. Re- 
vated crystallizations of the same specimen under conditions that 
vere thought to be identical did not always lead to the same volume 
anges. It seems possible that such variations are statistical fluc- 
uations occasioned by the growth of crystals from different centers 

n different cases. There was an even greater variation in the de- 
teases of volume when different specimens were studied, but in almost 
il cases the values lay within the limits given. The exact value, 
mthin these limits, seems to depend upon factors that were not under 
‘ontrol. 

Values for this quantity, calculated from measurements of density 
t specific gravity reported by previous workers [4, 5, 8, 14, 19, 31, 
9, 53, 55, 56, 72] generally lie within the same limits, although a few 
te somewhat lower. Holt and McPherson [32] found a ~ volume 
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change of about 1.85 percent on stretching a specimen of vulcaniyp T: 
rubber to an elongation of 700 percent at 25° C. Treloar (69), \aaj —— 
stretching unvulcanized rubber at 0° C, observed a volume decreg; Mi 
of over 3 percent, the highest value reported. With unstretched paj™ —— 
crepe he found a volume decrease of 2.3 percent on crystallization , 4." 


0° ©. sit cha 

Observations made in the course of the present work furnish y ; 
data from which conclusions may be drawn as to the !relative amoung 
of crystalline and amorphous material in a specimen. 

Field |21, 24] has recently conducted X-ray studies of the propo 
tion of crystalline and amorphous components in stretched rubbeg 
and concludes that under favorable conditions about 80 percent of th 
material is in the crystalline state, in agreement with an earlier stud 
by Meyer and Mark [43]. This value is considerably higher tha ; 
those estimated by Parks [50] and Wildschut [73] by other method 
If reliance is to be placed on X-ray values, it would be very desirab| 
to conduct several parallel studies of crystallization by means , 
X-rays and by means of observations of volume change. In thi 
manner the relation between the percentage decrease of volume an 
percentage of crystalline material could be established. : 


6. MELTING OF CRYSTALLIZED RUBBER 


a a 


The melting of the crystalline rubber is very much dependent o 
the temperature at which the crystals have been formed, as can | 
seen from figures 3 and 4. This conclusion seemed so surprising the 
it was made the subject of a preliminary communication [7] based upo 
only a part of the data reported in the present paper. 

It can be seen that the higher the temperature of crystallization th 
higher are the temperatures at which both the beginning and th 
ending of the melting occur. The beginning of melting occurs at § 
temperature of from 4 to 7 degrees above that at which the crysta 
have been formed. For all temperatures of crystallization belor 
about —35° C, the temperature at which melting is complete is abou | 
—2°C. 

The range of melting becomes narrower the higher the temperaturg 
of crystallization, up to about 0° C; for crystals formed at temperature 
between 0° and 14° C, the range of melting is about 10 degrees; f 
crystallization at higher temperatures no direct observations ar 
available, but the range is probably narrower, as it appears that star 
rubber has a somewhat narrower range of melting the higher the meaf 
temperature of the range. 

The results presented here undoubtedly explain many previous 
reported discrepancies in the temperatures of melting of crystallin 
rubber. Unfortunately, in only a few cases have previous worke 
specified the temperature at which crystallization occurred. Th 
variations in the melting have sometimes been thought to be connectet 
with the variety of rubber or the experimental method. In most cas’ 
no explanation at all was attempted. Table 1 presents the results 0 
measurements of the melting temperatures of crystalline rubber, jj -» 
reported by previous observers. In those instances in which ti 
temperature of crystallization was reported, the only pronounced ¢ 
viations from the results of figure 4 are in the few instances where 
crystals were formed from solution rather than from the bulk materi | 
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perature 


to 15 


—5.8 


‘ 


to 10 


10 


Observers 


Whitby [72 
do 
do 
Barnes [4] 


Wood, 
and Peters [78] 
Feuchter [19] 


+S atz [36] 
Katz [37 } | 
Van Rossem and 
Lotichius [53] 
Meyer, von Susich | 


and Valko [44 

Wood, Bekkedahl, and | 
Peters [78] 

van Rossem and Loti- 
chius [53] 

Feuchter and Hauser 


von Susich [60] 
Cotton [17] 
Feuchter [19] 
Katz [36] 


Pickles (van Rossem) 


(51] 


van Rossem and Loti- 


chius [53] 
Katz [36] 


Bekkedahl, | 


Feuchter and Hauser 


[20]. 
Katz [36] 

Bunschoten [14] 
Ruhemann and Simon | 
[54] 
‘arson [15] 
Hen k [3 } 
Hock [34 } 
Thiessen 
[65] 


| 
l 
and Kirsch 


Ruhemann and Simon 
~ 


[54] 


Thiessen and Kirsch 


[66] 
Smith, Saylor, and 
Wing [59] 


Cotton [17] 
Katz and Bing [38] 
Katz [34] 

Katz and Bing [38] 
Be kkedahl and Wood 


[8] 
Bekkedah! [5] 
Park [48] 
van Rossem and Loti- 
chius [53]. 
.  78me and Simon 
Smith and Saylor [57] 
Smith and Saylor [58] 
Bekkedahl and Ma- 
theson & 
Bunn and Garner [13] 
Ruhemann and Simon 
[54] 


TABLE 1.— Melting mmpeminns of crystalline rubber  presoueny reported 


Method 


Density 
do 
do 
Visual 
Linear expansion 
Density 
X-ray 
do 


Density, 


tion 
X-ray 


Linear expansion 
Density 
Retraction 
X-ray 
Density 

do 

do 

do 


X-ray 
Retraction 


X-ray 
Density 
Specific heat 


Retraction 


do 
X-ray 


Specific heat 


X-ray 
Birefringence 
Visual 
X-ray 
do 
do 
Volume 
do 
Density and 
ness. 
Specific heat 
Birefringence 
do 


Specific heat 


__do 





hardness, 
and light absorp- 


hard- 


503 


Remarks 


Flexibility. Trans- 


parency 


After 1 year 


“Old rubber 


Stored 13 years 


1 year after racking 


‘Normally frozen.” 
Masticated 


“Cut sheet.” 
Racked 


Smoked sheet 


Crystallized under 
pressure of 10 to 25 
atmospheres. 

“Cut sheets” crystal- 
lized at 150 atmos- 


pheres 

Pressure of 30 atmos- 
pheres. 

Sol rubber crystal- 


lized from solution 
Frozen in refrigera- 
tor. 


Gel crystallized from 


solution. 


Beta anomaly 
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A study of table 1 confirms the conclusion of the present investigg 


tion that there are not merely two forms of crystalline rubber, as ha dant ¢ 


sometimes been suggested [5, 17], but rather that crystals melting gj °U* 
any temperature between about —40° and +45° C may be formedam °°" 
in rubber by the proper choice of temperature for crystallization Mim” the 
It is rather surprising that such a conclusion has not been alreadwamm “8° 
drawn on the basis of the experimental data shown in table 1. Th, Ryall 
assignment of a definite melting point or melting range to rubber j , or 
general is thus seen to be without meaning in spite of the many invest eS ° 
igators who have hoped to do so [5, 13, 17, 30, 44, 48, 66]. A recen speciii¢ 
writer [12] on the subject expresses considerable wonder at the varia 
ability of the melting point. whe pal 
The temperature at which retraction of stretched rubber occurs” 
is sometimes associated with the melting of crystals formed ong @P* 
stretching. Although the scope of the present investigation did not ™ ™ 
include any measurements on stretched rubber, some of the results“? 
may probably be safely applied to crystals formed by stretching Mg 2°"™ 
For example, the influence of the temperature of crystallization on 
the melting seems to furnish an explanation of certain effects observed 
by Treloar [68] in the retraction of stretched rubber. He found that@ 4 m 
the recovery temperature was dependent on the temperature ati pnts 
which stretching was performed. Lacking the results reported here, MM jjaco. 1 
he said “One would not expect the melting point of the crystals tol jan i 
depend on the temperature at which they were formed.”’ edure 
Some years ago Van Rossem and Lotichius [53] made a rather» des 
careful study of the crystallization of raw rubber. In the main, there jure 
seems to be no disagreement between their experimental results andi; the 
those contained in the present paper. In one instance, it now seems jnures 
desirable to give to their results an interpretation different from that] ..poriz 
one originally given. the ori 
This instance, which is one of the best-known of the conclusions off »)\i7a1 
van Rossem and Lotichius, is a statement that the melting tempera-H «: |eas 
ture of one sample of stark rubber was 31° to 33° C in 1919 and hadi fo, ex 
become 35° to 37° C in 1927. An examination of the graph giving#y «tend 
the specific gravity values that are the basis for discussion shows that son a1 
the terms “melting temperature” or “melting point” were limited tol prec 
the steepest portions of the curves. The full melting range of the speci-H s obs, 
men observed in 1919 appears to extend from 28° to 35° C. The 0b-9 previo: 
servations made in 1927 show that the melting range began at 34° and The 
extended above 40° C, the highest temperature at;which observations HM sroy ¢ 
were made. As the specimen measured in 1927 was not completely MM \) deo 
melted at 40°, its specific gravity did not come down to the valueHi jen r 
characteristic of the amorphous rubber, as did that of the specimen TM jus ex 
measured in 1919, where melting was apparently completefiat 35° C. HMM was fo 
No indications were given regarding the temperature at which the Atte 
specimen was stored from 1919 to 1927. The observed change MM tion ¢ 
melting range could be explained on the reasonable assumption that wper 
the temperature, at least part of the time, was between 28° and 34° U. iM hivest 
Crystals melting below 34° would then be melted, and recrystalliz®-HM wnpe 
tion at those temperatures would yield new crystals having a higher Mi eysta 
melting range, as already described in the section on recrystallization. GM naxin 


S 


Thus there seems to be no assurance that van Rossem and Lotichiu! 
would have found a rise in the meeting range during storage at & cOD- 


ong 
ire th 
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gant temperature below 28° C. No such rise was observed in the 
ourse of the present work. The actual phenomena observed by van 
Rossem and Lotichius can then be explained in terms of the results 

{the present paper, without recourse to speculative assumptions of 
‘hanges in crystal size or polymerization. 

The considerations developed in the present work on the melting 
{ crystalline rubber have already been applied [75] to explain re- 
aits obtained by Ruhemann and Simon [54] in measurements of 
gecific heat. It has been pointed out that the beta-anomaly they 
served can be explained as a phenomenon of crystallization under 
the particular conditions of their experiments, without the assumption 
fan anomaly characteristic of rubber in general. The volume- 
wmperature graphs they give for rising temperatures are of the same 
orm as those obtained in the present work when the rate of tempera- 
ure rise was slow enough to permit recrystallization and subsequent 
nelting at higher temperatures. 


7. RECRYSTALLIZATION 


A number of interesting conclusions may be drawn from the experi- 
nents on recrystallization illustrated in figures 5 and 6. In the first 
lace, the rate of crystallization at a given temperature is much greater 


han in the instances previously discussed, where the standard pro- 

edure called for heating to at least 55° C before each crystallization 
~ » destroy possible centers of crystallization. An examination of 
ere 


igure 1 shows that at 2° C after such treatment the change of volume 
a the first 10 hours is about 0.05 percent. On the scales used in 


CMS@M izures 5 and 6 such a change would hardly be perceptible, and the 
‘hat@il perimental points would lie on an almost horizontal line through 


he origin. In the second place, the effects of the preliminary crys- 
allizafzon in increasing the rate of subsequent crystallization extend 


it least several degrees above the upper end of the melting range. 
hadi For example, it is clear from figure 6 that the melting range does not 
NS extend above 4° C, as the initial ordinate is zero for the recrystalliza- 
hat ion at 4° C. The rate of recrystallization at 4° C is seen to be of 
| toMM sppreciable magnitude in comparison with the much lower rate that 
CC's observed when the centers of crystallization are destroyed by 
Ob- IM previous heating to 55° C. 
and The selection of a temperature of 55° C as being sufficient to de- 


troy centers of crystallization was based on the fact that it was 5 or 
\) degrees above the highest temperature at which any crystals have 
xen reported in unstretched rubber, as noted in table 1. In numer- 
us experiments no evidence of any effect of previous thermal history 
vas found persisting in any sample after heating it to 55° C. 
Attention should be called to the two different types of crystalliza- 
won curves shown in figures 5 and 6. At temperatures below the 
ipper end of the melting range, the rate of crystallization has its 
argest value at the beginning and decreases with increasing time. At 
emperatures above the upper end of the melting range, the rate of 
tystallization is small at the beginning, increases with time to a 
laximum, and, when observations are carried out over a sufficiently 
ong posed, decreases again to a negligible value. The latter curves 
ie thus of the sigmoid type shown in figure 1. One can therefore 
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ble the 
conclude from figure 5 alone that the end of the melting range wou) Pian 
be at 0° C following crystallization at a temperature between —25°%MM nelting 
and —28°C. From figure 4 this temperature is read as —28° (. for CFS 
In terms of the usual conceptions of crystal growth, it is possible: perce! 
to give a simple explanation of the difference between the two typesim It cal 
of curves. In accordance with the ideas of Tammann and othersil » deter 
[3, 23, 25, 33, 61, 62, 71], a crystal can be initiated only at certainilll »tiono 
centers, or nuclei. The crystal, once initiated, grows from thellll large: 
center at a characteristic rate, called the linear crystallization velocity MM jiscusse 
until the available crystallizable material between it and the next jecrees 
crystal is exhausted. nnge § 
In the first instance, where crystallization represents merely MM psults 
further growth of crystals already present, no additional centers of applica’ 
crystallization are necessary. The rate of crystallization as measured The 
by volume change is therefore a maximum at the beginning andi \etwee 
decreases because of the exhaustion of crystallizable material. [pW son. ex 
the second instance, crystallization at the beginning is slow because ll ith te 
of the lack of a sufficient number of centers from which crystals may 
grow. Crystals start from the available centers, and more centers 
are formed as time goes on [3, 26, 76]. Thus the rate of crystalliza- 
tion increases at first, reaching a maximum, and then decreases again !!! 7. - 
with the exhaustion of crystallizable material. hy 
At temperatures immediately above the upper end of the melting " fs 
range there remains of course no crystalline material. However 1 
centers of crystallization must persist at least several degrees above @ '! M, 
the end of the melting range, because the rate of recrystallization at iw. 
these temperatures, as shown in figure 7, is much greater than is the Cc 
case when the centers of crystallization are destroyed by heating @ 5) N. 
them to 55° C. . 
8. NATURE OF THE CRYSTALS 6 x 
The nature of the crystalline regions in long-chain high polymers r 
has been the subject of considerable discussion in recent years 1N. 
Alfrey and Mark [1, 2, 41], Bunn [10, 11, 12], Treloar 170], and Wood ti 
[76] have summarized some of the ideas. It seems generally agreed, ” - 
for instance, that the structural units of the crystallites are not whole ce 
molecules but rather kinetic units that are segments of chains. Conse- @ § S. | 
quently, a single chain may contain segments that are units in two or 
more different crystallites, joined by segments that are to be regarded IC 
as part of the amorphous material. “i. 
The scope of the present paper does not include any attempt o@j = S 
extend the detailed conception of the nature of the crystals on the 1) C. 
basis of the results obtained here. It has already been pointed out . 
elsewhere [76] that these results cast grave doubts on the acceptibility Hy) o. 
of several theories proposed to account for the existence of a rangeoi ss 
melting. The field. is still open for a theory that will logically and im 3] : 
satisfactorily explain two experimental observations reported here: VE 
(1) that the range of melting is not dependent on the extent of crystal- se 
lization, and (2) that it is definitely determined by the temperature at 1 C. 
which crystallization occurs. 6) “ 






Crystals of a lower-melting type can be formed and melted in 8 
specimen already containing crystals of a higher-melting type, 
shown in the experiments illustrated by figure 7. It is rather remark- 
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ible that the presence of crystals of the higher-melting type appears 
» have so little effect on the formation and melting of the lower- 
neting crystals. It does appear that the two types must compete 
or crystallizable material, as the total volume change does not exceed 
jpercent in any case. 

[t cannot be emphasized too strongly that the sole important factor 

» determining the melting range is the temperature at which crystalli- 
utionoccurs. Other conditions may alter the rate of crystallization by 
slarge factor or the volume change during crystallization, as already 
jiscussed, but the melting range remains the same. Even different 
jegrees of vulcanization [8] do not alter the relation between melting 
ange and temperature of crystallization. Thus the quantitative 
rsults depicted in figure 4 are regarded to be of much more general 
pplication than the other portions of the present investigation. 
The experimental work described in this paper was performed 
tween 1940 and 1942, but war activities prevented earlier publica- 
tion, except for a preliminary note [7] on the change of melting range 
sith temperature of crystallization. 
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HYGROSCOPICITY AND ELECTRODE FUNCTION (pH 
RESPONSE) OF GLASSES AS A MEASURE OF SERVICE- 
ABILITY 

By Donald Hubbard 


ABSTRACT 


The pH responses of electrodes prepared from glasses of widely different compo- 
tion have been compared with the hygroseopicity of the glasses. The resulting 
lata indicate that glasses of low hygroscopicity, such as the chemical glasswares 
‘common types of optical glasses, give pH responses that fall appreciably below 
e theoretical predicted from the Nernst equation and are incapable of producing 
atisfactory electrodes. Further, electrodes blown from glasses of intermediate 
groscopicity, such as the common bottle and sheet glasses, give pH responses 
ore nearly approximating the theoretical, whereas the Corning 015 glass, whose 
superior pH response places it in a class by itself, has a very high hygroscopicity. 

se results strongly support the belief that adequate hygroscopicity is one of 
e primary factors in determining the suitability of a glass for pH measurements. 
The data also suggest that the pH response might well be used as a rapid test for 
e serviceability of optical glasses, i. e., the ability to maintain a clear polished 
wtface upon exposure to the atmosphere. For this purpose it is necessary to 
termine the pH response over a range in which the “chemical durability” of the 
dass remains constant in order to avoid the voltage anomalies that accompany 
rability changes. 
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I. INTRODUCTION 


The ability of a glass to function satisfactorily as an indicator of 
iydrogen-ion concentration, approximately in accord with the 
‘traight-line relation of the simplified Nernst equation,' is known to 
aimee 


0.000198 T' log 1/[H+}=0.000198T' pH, where E is emf, T is temperature degrees Kelvin, pH=log 
and [H+] denotes hydrogen-ion concentration or activity. 
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be intimately associated with the water content of the glass [1, p. 79) 4 
As the serviceability of an optical glass, i. e., its ability to maintain g 
clear polished surface upon exposure to the atmosphere, has bee; 
shown to be largely dependent upon the hygroscopicity of the glasg 
[2], it seems reasonable to believe that the serviceability might alsq 
be ascertained easily and quickly, at least qualitatively, by a deterJ 
mination of its hydrogen-electrode function. 
In the present investigation the hygroscopicity and pH respons@l 
were observed on a series of glasses of varying serviceability and g 
comparison was made of the data obtained on these properties. 


II. TYPES OF GLASSES 


A selection was made of 12 glasses that exhibited a wide range in 
serviceability. Vycor and Pyrex were chosen as glasses of superior 
serviceability, whereas the Dish and Corning 015 were selected bes 
cause they had not maintained clear surfaces upon exposure to th 
atmosphere. The compositions of 11 of these glasses are given in 
table 1. 


Figures in brackets indicate the literature references atjthe end of this paper. 
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III. EXPERIMENTAL PROCEDURE LE 

The hygroscopicity data were obtained from the weight of the wat, " 
sorbed by powdered samples of the glasses that passed The Tylor 
Standard Sieve No. 150. This powder was exposed to the relatiyo! 
humidity, approximately 95 percent, maintained by a saturated 
solution of NazgHPQ,.12H,0* at 25°C. During the sorbing period of |g 
hours the air was circulated continuously in the exposure chamber by 
means of a small fan. 

The hygroscopicity values for all of the glasses are reported jy 
terms of known factors, namely, weight of water sorbed times density 
of the glass divided by weight of sample. Assuming comparabje 
sieving and preparation of the samples, this gives the water sorbed 
for equal surfaces. 

The glass electrodes were prepared by blowing a small, thin bulb In ¢ 
of the experimental glass on the end of a soft glass tube or from a tube » cloc 
of the glass itself * and filling the bulb with mercury for the electrical poyio 
connection [3]. Although metal-filled glass electrodes are not con-¥ yory: 
sidered as suitable for precise work as the solution-filled types, theyll senon 
were entirely satisfactory for the present investigation and had thei jotte: 
advantage of simplicity and speed of preparation. Further, a broken respon 
electrode did not seriously contaminate or alter the buffer solutions. 9 jacses 

All voltage and pH measurements were made with a Beckman pHM 5 ta] 
meter, laboratory model G. The sensitivity of this type of electro-I ...-y 
meter decreases appreciably for electrodes with resistance greater 7), p 
than 500 megohms, and as many of the electrodes prepared from thei] ot}; 
glasses of low hygroscopicity had resistances above this value, it is syrod 
desirable to consider the pH responses obtained as “‘apparent” pH y* 

esponses. This is 
IV. RESULTS AND DISCUSSION Purthe 

1. pH RESPONSE IN THE ACID RANGE — 

. e 

The silicate glasses, table 1, were measured for hygroscopicity, J sasses 
and their hydrogen-electrode function (pH response) was determined jj resy 
after soaking the electrodes 24 hours in distilled water. The resultsjjjeectro 
in table 2 show the relation between hygroscopicity and the pH jj using 


response obtained with two buffer solutions near pH 2 and pH 4 
These two pH values were chosen because they are in the region of 
uniform chemical durability for most silicate glasses [4]. This pro- 
cedure was desirable in order to avoid voltage anomalies that ac- 
company durability changes of the glass [5]. 

From the data in table 2 it is evident that the pH response of the 
glasses with low hygroscopicity falls appreciably below the theoretical 
predicted from the Nernst equation, and that the pH responses for 
these glasses are in the same order as their respective hygroscopicities 
During these experiments it was observed that the glasses improve 
in their pH response when soaked in distilled water [6]. This im- 
provement was especially noticeable for the glass BaC 572. 


ABLE 
romm 


lime 4 






4 The relative humidity obtained by means of 4 saturated salt solution is subject to some fluctust 
cause of the difficulty of obtaining equilibrium rapidly and because of the decrease in relative humic''! 
that occurs when a crust of the salt forms over the surface of the solution. However, this method does 
furnish an easy means of ——— the relative hygroscopicities of a number of glasses. a — 

‘Tubes of the experimental glasses were drawn by Thomas R. Tait, of the Bureau’s glass-blowing 5%! Develo 
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r,sLE 2.—Comparison of hygroscopicity and pH response at 25° C of some typical 
-ommerctal and optical glasses, after soaking the electrodes in distilled water for 
A hou rs 














ater i = = = 
yler Glass | Water sorbed| PH response | 
tive =n Dl cee 
ated | mg percm*| mo per pH 
Corning 015 - .-.--- —_ — 358 | 59 
of 16 Dish x s RS 58 | 
Am. Ceram. Soc. No. 1 | 40 57 
r by Window F 39 56 
Electric hygrometer -. 39 | 56 | 
d In Blue bottle 30 54 
r BSC 517... 5.5 43 
1SIUY F 620 2 4.8 39 
. BaC 572__. 2.2 | 33 
able Pyrex 1.8 18 
rbed bine" bh a. , ein 
bulb In order to observe the effect of time on pH response another set 
tubell «f electrodes was prepared from six of the typical glasses used in the 
rica previous series plus two others, and emf measurements were taken at 
COn-GM intervals for 27 days. The data are given in table 3. The pH 
they »snonse for each of these glasses, immediately after preparation, is 
the jotted against the hygroscopicity in figure 1, and the change in pH 
KCN sponse with time is shown in figure 2. Figure 1 shows that the 
‘O08. classes fall in their correct order of hygroscopicity similar to the data 
PHM» table 2 and reemphasizes the finding that the pH response increases 
‘tt0- very rapidly with increase in the hygroscopic property of the glasses. 
ater The numerical values for the second set of electrodes do not agree 
thei xactly with those of the first group. In order to obtain exact 
it ISH wproducibility, successive electrodes of the same glass would have 
PHM» be of equal thickness to maintain identical electrical resistance. 


This is especially pertinent for glasses of high electrical resistance. 
further, in blowing the electrodes the composition of the outer surface 
‘the glass is altered by volatilization of some of the consitutents 
{the glass by the blast lamp, and as the points for the less hygroscopic 
sity, gasses lie on the steep portion of the curve, slight changes would cause 
rrespondingly large changes in pH response. Furthermore, the 
dectrodes prepared from these less hygroscopic glasses are sluggish, 
iusing some uncertainty as to the correct reading. 


lasLe 3.—Comparison of hygroscopicity and pH response at 25° C of some typical 
ro- mmercial and optical glasses after soaking the electrodes for various lengths of 
| ime in distilled water 





PH response, mv per pH. Time of soaking, days— 














. Water a sAwe ee —# ~ 7. 
Glass abc meets a \ on = 
Ca | sorbed | f 
; 0 , 2 3}/4]/5]/6] 1 16 | 20 | 27 
10 | | = oe: ae Cae ee 
Les mg/cm | 
ove 358 | 59.0] 59.1 | 59.1 | 59. 2 | 59.1 | 50.6 | 50.4 | 50.4 | 59.4 
88 | 57.4] 88.7 | $0.2 |---| 
im- n. Ceram, Soc. No. 1 40 | 56.0] 56.5 | 57.6 |.----- 58. 5 | 58.9 | 59.1 | 58.9 | 50.0 | 58.8 
et } 2 | 51.7] 53.0] ten | 4.3 54.7 | 54.1 
517 5.5 | 48.3 | 50.4] 51.4} 52.9 | 52.1) 51.7 | 51.4 | 49.2 
| | 
. 22| 33.7 | 49.1} | 52.6 | 53.2/ 53.1 ]......| 53.9 54.1 | 52.5 | 50.5 
1.8] 11.8] 125| 126 15.4 | 14.4 12.9 | 14.2] 140 | 13.9 | 14.5 
‘ 0.8 | ; oe | : 
| ' 








* Developed no definite pH response. 
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Figure 1.—Comparison of hygroscopicity and pH response of some typical con 
mercial and optical glasses immediately after preparation of the electrodes. 
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Figure 2 indicates that electrodes prepared from all the glasses 
nproved in their pH response during immersion in distilled water. 
However, they did not continue improving indefinitely until the pH 
ssponse attained the theoretical value of 59 mv per pH, but arrived 
yar some definite upper limit for each electrode by the end of the 
jurth day. Although most of the glasses retained their relative posi- 
ions, @ glass such as the BaC 572 did not do so. Undoubtedly this 
iature Of BaC 572 is caused by a differential behavior of this glass 
mmersed in water or dilute acids in contrast to its reversible sorption 
{water vapor at high humidities. A preferential solution of certain 
nstituents of the glass must have taken place during the soaking 
riod because the effect is essentially irreversible, as shown by the 
mding that upon drying at 110° C the pH response did not return to 
he initial low value. 

That a preferential solution of certain constituents of the BaC 572 
dass does take place relatively rapidly, leaving a silica-rich surface 
7,4, p. 151], is shown by the appearance of a nonreflecting film upon 
eaching polished surfaces in 1-percent HNO; at room temperature. 
The BaC 572 glass develops a surface film of approximately one- 
uarter wave length in about 24 hours, whereas periods of 2 weeks 
wd more than 2 months are required for the BSC 517 and F 620 
dasses, respectively. 


2. pH RESPONSE OF GLASSES IN REGIONS OF CHANGING 
CHEMICAL DURABILITY 


Upon determining the hydrogen electrode function of these glasses 
it higher pH values, the relation of pH function to the hygroscopicity 
mas not so rigorous. For example, when the pH response of these 
lectrodes was tested with the three buffers normally used for cali- 
rating glass electrodes, i. e., pH values of 4.01, 6.77, and 9.15,° the 
rsults were erratic. These values for AE/ApH were considerably 
ferent from those obtained in the acid buffers. This was particu- 
uly true among the optical glasses. The choice of buffers with these 
H values for examining the relation of pH response to hygroscopicity 
sobviously undesirable as the optical glasses are known to be severely 
ittacked in this pH range [4, p. 151], and voltage departures are 
mown to accompany any change in chemical durability of the 
glass [5]. 

In order to emphasize the necessity for comparing the hygroscopicity 
vith the electrode function obtained in a pH range over which the 
urability of the glass is constant, some voltage departures of the 
ectrodes were ascertained over a pH range from 2 to 12. These 
iiers were prepared from the Britton-Robinson Universal mixture 
‘| used in the previous determinations of durability [4, 5]. For ex- 
erimental simplicity the Beckman glass electrode was taken as the 
‘ference electrode. This tacitly assumes that the Beckman glass 
“sponds perfectly to the hydrogen-ion activity of the buffer solutions, 
id that all voltage anomalies observed are to be accredited to the 
ectrodes prepared from the experimental glasses. Such an assump- 
‘ion is known not to be rigorously true and is only legitimate for pur- 


—_—— 
‘These buffers were prepared and standardized by the pH Standards Section of the National Bureau of 


“aidards 
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poses of illustration. If the reference electrode and the electroj sm! 4 
prepared from an experimental glass had equal responses to hydrogen. 
ion activity, the voltage would remain constant over the entire pif 
range. 

The results obtained by this procedure are listed in table 4. 4 
small voltage departure for the window and blue bottle glasses ; 
evident in the vicinity of pH 6, which becomes more pronounced 
beyond pH 9. This is compatible with the durability curves pr. 
viously observed for similar glasses in which detectable attacks were 
obtained by these same buffer solutions near pH 6, with a more vigor. 


160-— 
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Ficure 3.—Voltage departure of an electrode prepared from BaC 572, using th 
ckman glass electrode as the reference electrode. 


Total voltage departure, A; voltage departure imposed by low hygroscopicity, B; voltage departu 
attributable to durability of the glass and other causes, C, using pH 3.3 as the reference point. 


ous attack beyond pH 9 [4, p. 151]. A conspicuous example of a vol 
tage-departure curve that reflects this durability shift of the glass (4 
is furnished by an electrode prepared from the BaC 572 glass, figure ‘ 
and table 5. Upon subtracting from the total voltage departure, the 
departure attributable to the low hygroscopicity, 59.0—54.1=4: 


The 
glass Ca 
é., 1ts 


mv per pH (dashed straight line), one obtains a curve that presumabl) me Stil 
is the result of the durability shift of the glass and other causes, sucliggy"'"!°e? 
as the electrode response to ions other than hydrogen [9]. et pH 

The negative departures recorded in table 4 for the Corning 01: uiled t 
glass and the dish imply that their chemical durabilities are superie 4 ‘he 


to the glass of the reference electrode in the region beyond pH11. 
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r,sLE 4.—Voltage departures exhilited by electrodes prepared from various glasses, 
' using the Beckman glass electrode as reference electrode 


Glass 
Corning ' s * Blue . 
pH O15 bottle F 620 
Dish Window 

me nO me me mo 

1.9 0 0 0 0 0 
2.3 0 l 0 0 3 
3.3 0 0 0 0 12 
43 0 0 l 0 28 
. 1 l 0 0 0 3y 
y l l 2 0 & 
6.4 2 l 4 1 77 
6.9 2 0 6 3 20 
7.3 2 3 7 4 106 
8.6 l 0 13 8 130 
9.5 l -1 13 11 154 
10. 4 0 l 21 22 95 
11.2 —1 ll 31 37 22 
1L.¢ 2 22 38 47 269 


5.— Voltage departure exhibited by an electrode prepared from BaC 572 glass, 
using the Beckman glass electrode as reference electrode 


Voltage Voltage 
otal departure departure 
pH voltage imposed by | attributed to 
leparture low hygro- attack and 
scopicity other causes 
mt mo mo 
1.8 2 —7 i) 
2.1 t —6 12 
2.5 4 —4 8 
3.3 0 0 0 
4.6 6 6 0 
6.6 49 16 33 
7.0 63 18 45 
8.8 116 27 &g 
9.0 72 28 44 
9.4 60 30 30 
¥9 42 32 10 
10.8 102 37 65 
11.5 114 | 40 74 


V. CONCLUSIONS 


The present work indicates that the pH response of an optical 
gass can furnish useful information as an indicator of serviceability, 
e., its ability to maintain a clear polished surface upon exposure to 
te atmosphere. In fact, it seems reasonable to expect satisfactory 
erviceability from any glass with a pH response of less than 57 mv 
pH at 25° C in acid solution. Two of the glasses tested that 
it ied to maintain clear surfaces, Corning 015 and the glass dish, 
ud very high hygroscopicity values and gave pH responses close to 
he theoretical. Glasses of intermediate hygroscopicity exhibit only 
‘slightly poorer response. On the other hand, the superior glasses, 
th optical and industrial, exhibit very poor electrode function and 
ov hygroscopicity. This evidence furnishes strong support for, or 
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is certainly compatible with, the theory that the glass electrode fynosmm). $. D 
tions as a water electrode [10]. ] 

The voltage departures that accompany any change in chemic 
durability of the glass somewhat complicate the interpretation of | 
experimental results, but this can be largely avoided by confining th 
voltage observations between pH 2.0 and pH 4. 

The relation between the pH response and hygroscopicity of a glas 
adds pertinent data toward the formulation of an acceptable theory 
the glass electrode. The asymmetry potential and most or per hap 
all of the conspicuous voltage departures of the glass electrode [1, | 
11] are, at least, qualitativ ely rationalized [4, 5, 10, 12, 13). Ther 
still remains the problem of ascertaining whether the voltage respons, 
of some glasses under special conditions to ions other than hydroger 
are true equilibrium responses or merely voltage departures resulti 
from changes in chemical durability of the glasses under the impos 
conditions. 

The hygroscopicity data might readily eliminate the condens 
theory of the glass electrode [3] as it seems unlikely that the mor 
hygroscopic the glass the better would be the condenser and hence th 
better the electrode function. 


eness- 
lassifics 
have ber 
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FINENESS TEST OF MOLDING SAND 


By Margaret Price and Alexander I. Krynitsky 


ABSTRACT 


It is recognized that the present American Foundrymen’s Association sand 

ness-test method is not entirely satisfactory since sands with the same AFA 
sification may have different properties. In view of this fact other methods 
bsve been proposed, but in general little was published on this subject. The need 
or more data has prompted the present investigation. The object of this study 
sto evaluate the merits of the regular pipette, the Andreasen pipette, and the 
lrometer methods in making fineness determinations on Albany and Lumberton 
ng sands. The hydrometer method which was described in detail in the 
r was found to be preferable because it yields satisfactory results conveniently 
a minimum expenditure of time for the operator. 
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I. INTRODUCTION 


At the present time the accepted test for evaluating the clay sub- 
‘ance in a molding sand is the American Foundrymen’s Association 
tal ds roe sedimentation method. This test is of limited value because 
‘ definition of clay substance as a material composed of par- 
les s le ss than 20 microns is rather arbitrary. In addition, the 
st yields no information on the distribution of the subsieve particles 
tained in the sand. These limitations are recognized by the AFA, 
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and according to the Foundry Sand Testing Handbook [1]! ;h; 
method “has as its principal defect the inability to separate fine gjj 


from true clay. This accounts for the fact that two sands with ¢h Whe 
same AFA clay content may have different properties.” wad th 

Morey and Taylor [2] have ably demonstrated that the presenfil urtich 
AFA method does not give an adequate evaluation of molding sandJil }, pa 

As far as it is known to the authors, the first contribution on th onstal 
subject of determining the size distribution of the subsieve particldil ine, | 
in molding sand was presented by Jackson and Saeger [3]. In thei ss th 
pioneer work they used a pipette method and showed that this method jos th 


was readily adaptable to the determination of the fineness of moldin 
sand. The object of the present investigation was to compare thre nd if 
different methods of making fineness determinations on molding, obt 
sands. nateri 

II. MATERIALS 


Albany and Lumberton molding sands were employed in this in is 
vestigation. The samples were thoroughly mixed, riddled, mulle This 
at a low moisture content, and were stored in mason jars prior to usejqm 2 dete 
The specific gravities of the sands were determined by the standard (|) - 
method for specific gravity of soil [4]. The average values for thagm paced 
specific gravities of Albany and Lumberton sands were found to bag wutio 
2.698 and 2.676, respectively. The sands tested were dispersed iqgg™t & 
distilled water, and sodium hydroxide solutions were used as a deflocaqm "85 th 


culating agent. istille 
rolumy 


worou 

The essential principle of the fineness test methods used in this w allo 
investigation is sedimentation. When solid particles of various sizes itely : 
are dispersed in a liquid medium and then allowed to settle freely Hii \, 60. 
a definite relationship exists between the diameter of the particlesMMn the 
the density of the particles, the density of the liquid, the viscosity off ampl 
the liquid, and the distance that each particle settles in unit time yater 
This relationship is expressed mathematically by Stokes law, whic 
may be written that eg 


— J 30nL 
~ V980(G—G4,)T’ 
where 


d=maximum diameter of particle in millimeters alculs 

n=coefficient of viscosity of the suspending medium in poise. pinod 

(It varies with changes in temperature of the suspending ampl 

medium.) the ti 

L=depth of settling in centimeters mu 

7'=time in minutes (period of sedimentation) 
G=specific gravity of sand particles 

G,=specific gravity of the suspending medium. 

Although Stokes law applies particularly to spherical particles Ji yore 

Andreasen has shown that it can be applied to angular or cubical 

particles of the same weight as well [5]. 
Regular pipette, Andreasen pipette, and hydrometer methods were 
employed in this investigation. 


III. METHODS AND RESULTS 





led 
The w 
\YaOH 


1 Figures in brackets indicate the literature references at the end of this paper. 
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1. PIPETTE METHODS 






























When solid particles of various sizes are dispersed in a liquid medium 
und then allowed to settle freely, the relative distances that individual 
yrticles will settle in a fixed time depends upon their size providing 
be particles are of the same density and the temperature remains 
ostant. If a sample is taken from a specified level after a stated 
ime, the concentration of the solid particles in the sample will be 
ss than the original concentration by the weight of the larger parti- 
Jes that have settled out of the test zone. The maximum particle 
ize in the sample can be calculated with the aid of the Stokes formula 
ud if several samples are taken at suitable intervals of time, data may 
ie obtained for plotting a particle size distribution curve for the 
naterial undergoing test. 


(a) REGULAR PIPETTE METHOD 


This method was used by Jackson and Saeger and has been described 
n detail in their paper [3]. 

|) Experimental details——A 50-g sample of oven-dried sand was 
laced in a 1-qt mason jar with 25 ml of a 1-percent sodium hydroxide 
lution and 475 ml of distilled water and was dispersed for 5 minutes 
vith an electric stirrer equipped with vertical baffles. The mixture 
vas then transferred into a 1-liter cylinder by repeated washings with 
iistilled water. Additional distilled water was added to bring the 
volume of the suspension up to 1 liter. The mixture was shaken 
thoroughly for 1 minute and the cylinder placed on a level surface 
w allow uniform undisturbed settling. A stop watch was immedi- 
iiely started, and samples were withdrawn at intervals of 2, 5, 15, 
), 60, 250, and 1,440 minutes. The tip of the pipette was inserted 
a the mixture to a settling depth, L, of 5 in. (12.7 cm). After the 
ample had been withdrawn, the pipette was rinsed with distilled 
water and the rinsings added to the sample in a weighed evaporating 
lish. The temperature of the mixture was determined at the time 
that each sample was withdrawn. 

The samples were evaporated to dryness in an oven at 105° C, 
doled in a desiccator, and weighed for the determination of solids. 
lhe weight of each dried sample was corrected for the amount of 
\aOH in the sample. This correction could not be based on the 
ilculated concentration of NaOH in the sample but had to be deter- 
mined experimentally. It was found to be —0.0095 g for each 
umple. The percentage of particles remaining in suspension at 
the _ -the sample was taken was determined from the simple 
mula 


W,—0.0095 
Ws + >< 100, 


P 

where 

W,=weight of dried sample 

W=weight.of sand originally dispersed in 25 ml (since 50 g 
was dispersed in 1,000 ~ and a 25-ml sample was 
withdrawn, W= (50 25)/1000=1.25 g). 
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The maximum particle size in each sample was calculated fro, 
Stokes law by substituting in the correct values for time, temperaty re] 
settling depth, specific gravity of the sand, etc. This computation w, 
simplified considerably by the use of a nomographic chart such as thy 
used by Jackson and Saeger. This nomograph was constructed f 
use with a sand having a specific gravity of 2.650. As the speci 
gravities of the sands used were slightly higher than this value ( (Alba in} | 
2.698; Lumberton, 2.676) a correction for this difference was m: ude 
This correction was calculated from the simple relationship derived a4 
from the Stokes formula | 


Specific , t / 1.65 
pecific gravity correc done) sp or omy | 
when sp gr is the specific gravity of the sand. For each of the sands 
used the correction factor amounted to 0.99. This factor multiplied 
by the diameter obtained from the nomograph gives the true value 
of d. Obviously, this correction is very small and need not be made 
except when extreme accuracy is required. 
After the last sample was withdrawn the mixture remaining in the 
cylinder was wet screened on a No. 270 United States Standard Sieve 
under a light stream of tap water for 5 minutes and then oven-dried 
on the same screen. The dried sample was removed from the screen 
weighed, sieved, and the weights of the fractions collected on each 
individual sieve were determined in the usual way. 
The complete distribution of particle sizes as determined both by 
the sieving test and by the pipette determination is represented most 
conveniently by a cumulative curve. The accumulated amount 
expressed in percent that would be retained on each successively finer 
sieve is plotted against the diameter of the sieve opening on a se 
logarithmic graph paper. The percentage in each case refers to the 
particles coarser than the specified size. In the subsieve range the data 
obtained by the pipette method specifies the percentage, P, of the test 
sample representing particles finer than a specified diameter. ‘There- 
fore, the value, 100%—P represents the fraction of particles coars 
than the specified size in each instance. 
(2) Results obtained—Three determinations were made by 
regular pipette method on both the Albany and the Lumberton sands. 
The data were tabulated and cumulative curves were tow A 
sample data sheet showing the results obtained in one of these tests 
is presented in tables 1 and 2. The cumulative curves related to the 
regular pipette tests are shown in figures 1 and 2 
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TABLE 1.—Results of the regular pipette test on Lumberton sand 


























Diameter, d 
Vis- Cor e 
Tem- | 7 | 
| pera | °°SY | Time | Read | Tected W, |Wi-0.0005| P | 100-p 
| ture water from ing to | | | 
a specific | 
grap | gravity | 
sd of sand 
| 
°C Poises min Microns | Microns 9 g Percent! Percent 
28 0. 0084 2 31.8 31.5 0. 2672 0. 2577 20.6 79. 4 
28 . OOR4 5| 20.0 19.8 2509 . 2414 19.3 80.7 
28 | .0084 15} 11.5 11.4 2365 . 2270 18.2 81.8 
28 . 0084 30} 82 8.1 2314 . 2219 17.7 $2.3 
27 «| «=~. 0085 60 | 5. 8 5.7 2243 | . 2148 17.2 82.8 
| 
27 «| .0085 20; 29 2 .2152 | =. 2057 16.4 | 83.6 
27 . 0085 1, 440 | 38 I 1.2 . 2081 . 1986 15.9 | 841 


TABLE 2.—Resulis 


| Accumula- 
tive 


| 
U.S. Stand- Amount of original 
ard Sieve No./sample retained on sieve 








| j 9 Percent | Percent 

12 | 0. 24 0.5 0.5 

20 2. 31 4.6 5.1 

30 | 2. 57 5.1 10. 2 

40 4.30 8.6 18.8 

50 5. 60 11.2 30. 0 

7 | 8. 24 16. 5 46. 5 

100 8.01 16. 0 62.5 

| 140 | 3. 96 5.9 68. 4 

200 | 2. 66 | 5.3 73.7 

270 | 0. 66 | 1.3 75.0 
Pan | .16 | 0.3 
ee 


















(b) ANDREASEN PIPETTE METHOD 


The Andreasen apparatus (fig. 3) consists of a glass cylinder pro- 
vided with a ground-glass stopper through which passes the stem of a) 
pipette. The cylinder has a capacity of approximately 643 ml when 
filled to the upper mark on the scale. The pipette extends 20 em be- 
neath the upper scale mark and ends at the level of the zero mark (4 
cm from the bottom). The pipette has a capacity of approximately 
10 ml and is provided with a three-way stopcock and spout. The 
volume delivered by the Andreasen pipette bulb used in these tests 
was found to be 10.02 ml. The Andreasen pipette method is theoreti- 
cally more accurate than the regular pipette method as the pipette 
remains in the cylinder throughout the test and the suspension is not 
disturbed. 

(1) Experimental details —A 25-g sample of oven-dried sand was 
placed in a mason jar with 300 ml of distilled water and 15 ml of 
a 1-percent sodium hydroxide solution. After 5 minutes of agitation 
the mixture was transferred carefully into the Andreasen cylinde! 
and additional water was added up to the 20-cm mark. . 

The cylinder was placed in a constant temperature bath and allowed 
to remain there until the mixture reached the required temperature 
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FIGURE 3.— Andreasen pipette. 
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FIGURE 6 


Gram concentration hydrometers. 
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7° F). The cylinder was then removed from the water bath, and 
th the stopper in place, the mixture was shaken for 1 minute. Im- 
nediately after this operation the cylinder was returned to the con- 
gant temperature bath and a stop watch started. Samples were then 
thdrawn at specified time intervals and placed in an evaporating 
sh just as in the regular pipette method. The bulb of the pipette 
s rinsed with distilled w ater, and these rinsings were added to the 
r mp le in the evaporating dish. Each sample was then evaporated 
dryness, cooled, and weighed. The weight of each dried sample 
»s corrected for the amount of sodium hydroxide in the sample, 
shich was determined experimentally to be —0.0031 g. 

[he percentage of material still in suspension was obtained by con- 
i dering the weight of solids in the sample as compared with the 
unt in a similar volume immediately after the sand was dispersed. 
4s 25 ¢ of sand was dispersed in a volume of 643 ml, the amount of 
and in 10.02 ml was 


»- . ¢ y 
=? X10.02- =(0.389 g. 


percentage of material in suspension was obtained from the 
formula 


pa =f 0031 199, 


was shown in the discussion of the regular pipette method. 


The maximum diameter of the particles remaining in suspension at 
e time the sample was taken was calculated from Stokes, formula 
nsideration being given to the fact that the level of the suspension 
anges after each withdrawal. 

The mixture remaining in the pipette cylinder after the last (1,440 
minutes) sample was withdrawn was washed on a No. 270 sieve for 5 
nutes, dried, and sieved in the usual manner. The cumulative 
irve was then plotted as described previously. 

2) Results obtained.—A sample data sheet showing the results ob- 
ined in one of the Andreasen pipette tests is given in tables 3 and 4, 
ud the cumulative curves are presented on figures 4 and 5. 


TABLE 3.—Results of the Andreasen pipette test on Lumberton sand 


Time L d Wi W—0.0031 P 100—P 
min cm Microns g g Percent Percent 

2 20. 00 43.1 0. O861 0. 0830 21.2 78. 8 

19. 65 27.0 0808 0777 20. 0 80. 0 

15 19. 30 15.5 0760 0759 19.5 80. 5 

30 | 18. 05 10.8 0726 . 0693 17.9 82. 1 

5 82. 5 

250 18. 25 7 0681 | 0650 16.7 83. 3 

9 


J 
| 

6 | 18. 60 7.6 -O712 | 0681 17 
| 


1,440 | 17.90 Lf 0644 | 0613 15. | 84 
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Ficure 5.—Results of fineness tests on Albany molding sand by the Andreas 
pipette method, 
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ste 4.—Resulis of sieve analysis after completing Andreasen pipette test on 
Lumberton sand 





























a —— = = = =~ 2 
Stave N Amount of orig. sample | Accumu- 
Sieve No. retained on sieve lated 
g Percent Percent 
12 0.10 0.4 0.4 
20 1, 24 5.0 5.4 
30 * 1, 27 5.1 10. 5 
¥ 40 1.94 7.8 18.3 
50 3. 16 12.6 30.9 
70 4.28 17.1 48.0 
100 3. 83 15.3 63.3 
140 2. 00 8.3 71.6 
200 | 118 4.7 76.3 
270 0.51 2.0 78.3 
Pan | 14 0.6 er | 
—————= _ } 
| 
| 


Total 19. 67 | Dt ane Been 


2. HYDROMETER METHOD 













The hydrometer method as a means of making fineness determina- 
ions of soils was introduced by Bouyoucos [6] in 1927. The procedure 
srelatively simple and consists in making hydrometer readings on 
suspension of the sand in question at sealehemmlaod intervals of 
me. Both the settling depth and the percentage of material in 
ispension can be obtained from the hydrometer reading. It should 
“reas, pointed out that inja suspension containing particles of various 
zs, a density gradient will develop during settling. Consequently, 
hydrometer that}umeasures the specific gravity of the suspension 
| give a reading that represents the average specific gravity, and 
efore the average composition of the vertical zone occupied by 
bulb. The settling depth depends on the distance from the 
face of the suspension to the center of buoyancy of the hydrometer 
i this distance changes during the course of a determination. The 
vthod of calibrating the hydrometer for evaluating the settling 
pths for different scale readings will be discussed later. 

The standard equipment consists of a hydrometer and a glass 
nder 18 in. in height and 2.34 in. (5.85 em) in diameter and gradu- 
ed for a volume of 1,000 mJ. Two types of hydrometers are avail- 
for this work, (1) a concentration hydrometer, graduated in 
rams of soi) or sand per liter, and (2) a specific-gravity hydrometer. 
1 the present work, all the hydrometer tests were made with the 
ram-concentration hydrometer. 


(a) EXPERIMENTAL DETAILS 


A 50-g sample of oven-dried sand was placed in a 1 qt. mason jar 
nth 25 ml of a 3 percent sodium hydroxide solution and 475 ml of 
istilled water and dispersed for 5 minutes with an electric stirrer 
“upped with vertical baffles. The mixture was then transferred 
wefully into the liter cylinder. Additional distilled water was 
ded until the level of the mixture reached the liter mark cn the 
jlinder. The cylinder was placed in a constant-temperature bath 
eased allowed to remain there until the mixture reached the required 
*mperature (67° F). The cylinder was then removed from the 
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water bath, and with the top closed by the palm of the operator's 
hand, the mixture was thoroughly shaken for 1 minute by turning the 
cylinder end over end. Immediately after this operation the cylinder 
was returned to the constant temperature bath and a stop watch 
started. Successive hydrometer readings were taken at the top of 
the meniscus at the same time intervals as in the pipette tests. After 
each reading the hydrometer was removed from the mixture, cleaned. 
and placed in a distilled water container in the constant temperature 
bath until the time for the next reading. This removal was necessary 
to permit free settling of the suspension and to prevent adherence of 
the particles to the hydrometer. 

(1) Determination of the maximum diameter of sand particles in the 
sampling zone.—The computation of results involves two separate 
operations: (1) the determination of the maximum size of the par. 
ticles in suspension, and (2) the determination of the percentage of 
dispersed particles remaining in suspension at a given time. The 
settling depth in the hydrometer determination depends on the dimen- 
sions of the hydrometer and upon the level at which it comes to resi 
in a given suspension. 

The effective depth of immersion of the hydrometer at any sedi- 
mentation time was defined by Schuhmann [7] as the depth of the 
center of volume of the hydrometer bulb, as it would be measured 
from the liquid surface with the hydrometer absent. Thus, the 
evaluation of this depth for any hydrometer reading requires dats 
as to volume and dimensions of the hydrometer and the cross-sectional 
area of the container used. Computation of the effective depth of 
settling are given by Klein [8] and Schuhmann [7] as follows: 


The 
wate: 
agail 
mm 
fag 
spon 
hydr 
Th 


eters 


di 
H=H,+1 jo ~5 ) 


where 
H =effective depth of immersion 
H,=distance between the suspension level and the top of the 
hydrometer bulb 
h =length of the hydrometer bulb 
V =volume of the hydrometer bulb 
A =cross sectional area of container. 


ey , 
The term (- l 25 is a correction for the change in the distance from 


the surface of the suspension to the center of the sampling zone when 
the hydrometer is removed from the suspension. The distance from 
the surface of the suspension to the center of volume is a true settling 
depth only when the hydrometer is in the suspension. It may b 
seen that the hydrometer bulb is here assumed to be of a symmetrica 
shape, and the center of its volume is taken at the midpoint of th 
bulb. Actually, the hydrometer bulbs are seldom symmetrical 
(fig. 6), and therefore the center of volume has to be determined 
experimentally. 

The following method [9] for locating the center of volume was 
used for this purpose in the present investigation. A graduated 
cylinder was filled with water and the volume of water recorded 
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The hydrometer was then immersed in steps (usually 2 cm) and the 
water level at each step recorded. The volume readings were plotted 
wainst corresponding depth of immersion readings and a “depth of 
mmersion versus volume” curve was drawn. The center of volume 
{a given hydrometer was determined as a point on this curve, corre- 
After ponding to one-half the total volume of water displaced by the 
ined, @ | vdrometer. 

ature Zl The method for locating the center of volume of one of the hydrom- 


SSary GM ters is shown by a curve (fig. 7). 
ce of 
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FicurE 7.-—Determination of settling depth for hydrometer used. 


If we let 1 represent the distance from the surface of the suspension 
0 the center or volume as determined in this manner, and L, the 
elective depth of settling, the following relationship will hold: 

V 
L=l—5> 


where V is the volume of the hydrometer bulb, and A is the cross- 
sectional area of the container. 
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In the example (fig. 7) discussed above, V=89 ml (for the particulaamm 79P) 
hydrometer used) and A=27.03 cm.* Hence ine In 
he su 
L=Il—1.65 em. 7 mic 
It s 
This correction of —1.65 cm is incorporated into the scale at thagg ssU™' 
right of figure 7, so that values for L may be obtained directly fro °F 
pecific 
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Figure 8.—Nomograph showing relationship between settling depth, time of settling, iat 
and particle diameter of sand for hydrometer tests conducted at 67° F on sand P 
with specific gravity assumed to be 2.65. 
the hydrometer readings. For example, for a hydrometer reading oj 
where 


2.6, L is 12.0 cm; for a reading of 9, the L distance is 8.0 cm, etc. 
Knowing the settling depth, Z, one can calculate the maximum grail 
diameter according to “Stokes formula given above. 
In order to simplify the computation of the maximum diameter of 
particles present at a distance, L, from the surface, the nomograp!i 
shown in figure 8 may be employed. This nomograph furnishes a 
yt nient means for determining the interrelation of time of settling, 
(minutes), distance, Z (centimeters) and particle diameter, 4; 
Sideesaak A straight line across the three branches of the nome 







ula 
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ra saph indicates the above interrelation. For example, the broken 
ne in figure 8 shows that after 5 minutes at a settling depth of 8 cm, 
e suspension at that depth will be free from all particle s larger than 
Licrons in maximum diameter. 
It should be noted that in constructing this nomograph, it was 
sumed that the test was carried out at the constant temperature of 
F and that the specific gravity of the sand was 2.65. As the 
secific gravities of the sands used were somewhat different from this 
ie, the maximum diameters, d, should be corrected as was explained 


above (with reference to the regular pipette test). 


2) Determination of the percentage of dispersed sand particles re- 
lining in suspension.—For the gram concentration hydrometer the 


percentages of dispersed sand in suspensions corresponding to different 


ydrometer readings are calculated according to the following 
rmula [10]: 
(R+AR)« 


Pe ‘>< 100, 


shere 


P=percentage of originally dispersed sand remaining in sus- 
pension at a distance, L, below the surface. 

R=corrected hydrometer reading. (Before substituting R in 
this formula, it was necessary to correct for the sodium 
hydroxide that was used as deflocculating agent for the 
suspension. This correction was calculated and also 
checked experimentally and found to be —1.4 when 25 
ml of a 3-percent sodium hydroxide solution was present 
in 1 liter.) 

AR=Temperature correction for hydrometer reading. For 
a temperature of 67°F this correction is zero. 
W=Weight in grams of oven-dried sand originally dispersed. 
(This weight is usually 50 g.) 
a=Constant depending on the specific gravity of the sand 
particles. 
The values @ when referred to different values of the specific 
gravity of soil or sand particles, G, are given in table 5 [10]. It is 
ficiently accurate for ordinary sand tests to select a value for a@ for 
e specific gravity nearest to that of the particular sand tested. For 
th the Albany and Lumberton sands this value was 0.99. There- 


9 
P=- 0-998 X100=1. 98R 


P=percentage of originally dispersed sand remaining in sus- 
pension at a distance, L, below the surface. 
R=corrected hydrometer reading. 
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TaBLe 5.— Values [10] of constant a 


—_ ———————— 
Specific grav- Constant 
ity of sand, e 7 
G 
2. 95 0. 94 
2. 85 . 96 
2.75 Ys 
2. 65 1.00 
2. 55 1.02 
2. 45 1, 05 
2.35 1. 08 | 


(b) RESULTS OBTAINED 


Three tests were run on each of the two molding sands. 
curves for these tests are shown in figures 9 and 10. 


tests is presented in tables 6 and 7. 


appendix), 
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Cumulative 
A sample data 
sheet giving in detail the results obtained in one of the hydromete: 
The scale of the hydrometer used 
in these tests was calibrated and a suitable correction was made (se 


TABLE 6.—Results of a hydrometer test on Lumberton sand 


| 
Diameter, d 


| | 
Read- | Scale tro- 7) Corrected | 
Time ing correc- lyte cor- “L” | Read | accord- | P 100—P 
tion correc- | rected from ing to 
tion nomo- | specific 
graph } gravity 
of sand 
ni cm Micron’ Micron | Percent, Percent 
2 11.6 —0.9 —1.4 9.3 6.4 25. 4 25.1 18.4 81.6 
11.1 —1.0 —1.4 8.7 6.7 16.3 16. 1 17.2 82.8 
15 10. 6 —1.0 —1.4 8.2 7.0 9.4 9.3 16.3 83.7 
30 10. 4 —1.0 —1.4 8.0 7.1 6.7 6.6 15.9 $4.1 
60 10.0 —1.0 —1.4 7.6 7 4.8 1.8 15.0 85.0 
250 9.7 ~ —1.4 3 7.6 2 2.3 14.5 R5 
1, 440 9.4 1.0 —1 7.0 7.8 1.0 1.0 13.9 86. 1 
TABLE 7.—Results of sieve analysis after completing hydrometer test on Lumbertor 


sand 


Amount of original Accumn- 


Sieve No. sample retained on lative 
sieve 
g Percent Percent 
12 0. 23 0.5 0.5 
20 2.14 4.3 4.8 
30 2.5 5.1 ) 
40 3.78 7.6 17 
Ma) 6. OF 12. 1 29. ¢ 
70 8.77 17.5 47.1 
100 7.79 15.6 62.7 
140 4.17 8.3 71.0 
200 2.41 4.8 75.8 
270 0. 99 2.0 77.8 
Pan 47 0.9 
Total 39. 46 
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DIAMETER IN MICRONS 
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RE 9.—Results of fineness tests on Lumberton molding sand by the hydrometer 









method. 
DIAMETER IN MICRONS 
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J i i i i. .% i. i i i 7 i 

100 4 - 100 

90 : -90 

80-4 - 80 
2 t0- + 70 
< 
zr 60-4 - 60 
2 50 + . 50 
2 DISTRIBUTION OF PARTICLE 
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10.—Reeults of fineness tests on Albany molding sand by the hydrometer 


method. 
693459—46—4 
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IV. SUMMARY AND CONCLUSION 


yeord! 
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Examination of the results obtained on each sand in three determ; 
nations by the same method (figs. 1, 2, 4, 5, 9 and 10) indicates , 
rather high degree of precision. For ordinary purposes, therefore. , 
single determination by a reasonably careful operator would } 
sufficient to establish the distribution of particle size for a given sand 
in the subsieve range. 


. 3 theo 

In order to compare the fineness test results obtained by the threalli © a 

different methods used in this study, charts were prepared showing Laat 
pu 
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Figure 11.—Cumulative curves showing results of fineness tests on Lumberton - 
molding sand by three methods. HGUR 


the average results by each method for both Albany and Lumberton 
sands. 

These graphs (figs. 11 and 12) indicate that there was a good agree- 
ment between the average cumulative curves representing the dil- 
ferent methods of analysis. 

The authors believe, therefore, that any of the methods employed 
is satisfactory for this purpose. In selecting a method to be used, 
one should consider the laboratory skill and technique required fo! 
each procedure, the time involved for testing, and the equipment 
that is available. 

The hydrometer method seems to be the most convenient as 1! 
involves simply taking a hydrometer reading and then referring ' 
simple charts for obtaining the values for the limiting particle size 
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yeording to Stokes law, whereas the percentage of material still in 
yspension is obtained from a simple calculation. 





erm The pipette tests are more time consuming chiefly because of the 
Les AH ime required in evaporating, drying, cooling, and weighing. How- 
id) wer, in the regular pipette test no special equipment is required other 
© 0G ban that which is found in any chemical laboratory. 
—_ The Andreasen pipette method, which involves special apparatus, 
s theoretically more accurate than the regular pipette method as the 
‘hreeil tem remains in the cylinder throughout the test and the suspension 
‘Wig; not disturbed. The fact that the stem of the pipette is stationary, 
DIAMETER IN MICRONS 
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ficURE 12.—Cumulative curves showing results of fineness tests on Albany molding 
sand by three methods, 


wwever, might appear to introduce an error since some liquid remains 
1 the stem after each sampling and this is always drawn up into the 
lb as a part of the next sample. The possible error due to this 
wurce would, of course, be quite small. This was demonstrated in a 
special experiment in which the determination was carried out in the 
isual manner, except that two samples instead of one were withdrawn 
iter each settling period. The results were in good agreement indi- 
ating that no appreciable error was introduced from this source. 
Experienc e with the different methods of determining distribu- 
tion of particle size in the clay fractions of foundry sands indicates 
hat the hydrometer method is preferable because it yields satisfactory 
meals conveniently in a minimum of time. 
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V. APPENDIX.—-CALIBRATION OF HYDROMETER SCAL 


For precise work the scale of each hydrometer should be calibrated. Exsep 






tially this involves the testing of the hydrometer in solutions of known speci » 90) 
gravities in the range in which the instrument is to be used. The relations) hte 5B 
between the R readings of the gram concentration hydrometer and the corre vei 
sponding values for specific gravity may be obtained from the formulas [10] thy i a 
are used for calculating the percentage of material in suspension from reading ‘ 67° 


on the gram concentration hydrometer (P=[Ra/W]X100) and on the specif 
; —1) on 28 

gravity hydrometer (Pa pe = x 100): Thus R=1606 (sp gr—} 

This relationship between R and specific gravity is shown for a range of values by 

the graph in figure 13. 
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Ficgure 13.—Graph for converting specific gravity values to equivalent reading 
the gram concentration scale. 


Relationship between reading on gram concentration hydrometer and specific gravity. R= 160¢ 
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ls 
" The zero point of the gram concentration hydrometer may be checked by mak- 
SCAL ga reading in boiled distilled water at 67° F, whereas sodium chloride solutions 
( known concentrations are suitable for checking other points on the scale. 
Essen, Density values for aqueous solutions of sodium chloride (1, 2, and 4% NaCl) at 
L Speci y, 20°, and 25° C obtained from the International Critical Tables are shown in 
atlonshi ble 5. From these values, the densities at 67° F (19.4° C) were obtained by 
4© Corre sterpolation and the corresponding specific gravities were calculated (table 9). 
[10] (ha@l The relationship between concentration of sodium chloride and specific gravity 
reading#l 67° F is shown in figure 14. 
. Specif 
' = T T i 
) gr] 1.030 = 
alues by I 
r 
“a - 
] 1,025}- 
| | 
| & 1,018 }- 
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URE 14.—Specific gravities ef acqueous sodium chloride (0 to 4 percent) solutions 
at 67° F. 


[sBLE 8.—Density values of sodium chloride solutions at different temperatures [11] 





Density values (g/ml) at— | 








| Concentra- | 
| tion of NaC) | ————___——_ 
by weight 10° C 20° C 25° C 
Percent 
| 1. 00707 1. 00534 1. 00409 
2 1.01442 | 1.01246 | 1.01112 
| 1, 02530 


4 1, 02920 1. 02680 
| 
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TABLE 9.—Density and specific-gravity values of sodium chloride solutions at ¢° 
(19.4° C) 





























—————————  ——————— Fou 
| ‘ 
Concentra- Specific gravities aed 
tion of NaCi| Densities | (density/0.99835) 2] Ro 
Percent a 
0 0. 99835 1. 00000 uJ 
1 1. 00546 1. 00712 1) Sta 
2 1. 01259 1. 01426 " 
4 1, 02696 1. 02866 . 
dienes 4 1 
Three or more sodium chloride solutions of the desired concentrations a; GQ. 
carefully prepared by using dried chemically pure sodium chloride and boil a 
distilled water.. The exact R values (gram concentration readings) at 67° F { "| RS 
each solution are obtained by referring to figures 14 and 13, respectively. Thy R 
solutions are brought to a temperature of 67° F, and hydrometer readings ar a) Ale 
made, exercising the same precautions that are recommended for the regular ys ‘ 
of the hydrometer. The actual}hydrometer readings are plotted against | r 
true or correct readings as shown in figure 15, and the scale correction for any ) Pri 
scale reading of the hydrometer may be obtained from this graph. Sta 
a 
Trt 
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Ficure 15.—Graph for obtaining corrected readings from scale readings on g 
ph | g g8 | 
concentration hydrometer. 


Corrections for hydrometer scale. 
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[FFECT OF SODIUM CHLORIDE ON THE APPARENT 
IONIZATION CONSTANT OF BORIC ACID AND THE pH 
VALUES OF BORATE SOLUTIONS 


by George G. Manov, Nicholas J. DeLollis, Phoebe W. Lindvall, and S. F. Acree 


ABSTRACT 


The pH values for solutions of borax (sodium tetraborate decahydrate) and 
odium chloride were determined from 0° to 60° C by the method of cells without 
iid junction. In one series, the effect of sodium chloride on the apparent 
nization constant of boric acid was determined by measurements of cells in 
ich the concentration of borax was maintained constant (0.01m) while that 
fthe sodium chloride was varied. In a second series, the pH values of various 

centrations of borax in 0.01-m sodium chloride were measured, and in a third, 
ilar Measurements were made of solutions containing 0.025-m borax with a 
riable concentration of chloride. 

The values of other investigators for the pH of solutions of borax in which 
s with liquid junctions were involved are compared with those currently 
reported. Some of these are modified to take cognizance of present-day views 

cerning electrolytic dissociation. 

{ 0.01-m solution of borax (3.81 g of borax per liter of solution) is reeommended 
or the calibration of pH equipment. The equation 


pH = 2331.7/7+0.017433T — 3.840, 


there T' is the absolute temperature, represents the pH values for this solution 
rom 0° to 60° C, 
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I. INTRODUCTION 


In an earlier communication [1]', data were presented from 0° to 
C for the ionization constant of boric acid and the pH values of 
itions composed of stoichiometrically equal ratios of boric acid, 

«dium borate, and sodium chloride. For the reversible functioning 

{the silver-silver-chloride electrodes used in the determination of pH 

y the method of cells without liquid junction [2], the presence of an 

ukali chloride is necessary. However, buffer solutions for use in 


----—{‘_—= 
gures in brackets indicate the literature references at the end of this paper 
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checking or calibrating instruments for the measurement of pH 
more conveniently prepared without the alkali chloride. For th 
reason there was made a study of the effect of sodium chloride op ¢} 
pH of solutions of borax. 

In this paper measurements are reported of the emf from (0° ; 
60° C, at intervals of 5 degrees, of hydrogen and silver-silver-chlorid 
electrodes immersed in three series of buffer-chloride solutions and th 
calculations of the pH values of these mixtures. 

Series A contained 0.01 mole of borax (sodium tetraborate) ay 
from 0.008 to 0.08 mole of sodium chloride per kilogram of wate 

In series B the concentration of chloride ion was kept constant » 
0.01 m, whereas that of the borax was varied progressively from 0.0 
to 0.05 m. Inseries C the concentration of borax was kept constan 
at 0.025 m, whereas that of the chloride was varied from 0.005 | 
0.05 m. Comparisons were made with the data of Owen [3] for co 
centrated solutions of borax in sodium chloride. At the same co 
centrations, both sets of data for the values of the negative of th 
common logarithm of the apparent ionization constant of boric aci 
agree to within + 0.002. S3 

The apparatus and the experimental procedure used have becii?> 
described previously [1]. Distilled water having a specific condy 
tance at 25° C of 0.5 X10~* mho/cm* was used for the preparation | 
the solutions. 


erele 
Ag 


o c", 78 
»|AgCl, 


II. ELECTROMOTIVE FORCE OF GALVANIC CELLS ANUE: 
THE APPARENT IONIZATION CONSTANT OF BORI@#:: 
ACID ee 


Measurements were made of the emf of the cell: 4 
—Pt, H,|H;BO;(m,), NaBO,(m,), NaCl(m;)|AgCl, Ag+ 


at 5-degree intervals from 0° to 60° C. 
The electromotive force of the cell in eq 1 is given by 


E=E°—k log (dufcimc)), (2 


r Aktlograrm 
the « 


pe 


a tr troles 
of hydrogen, for 


where E is the measured emf of the cell, E° is the normal potenti: 
of the silver-silver-chloride electrode when the activity of the chlorid 
ion is unity [4], & is the value for (2.3026 R7/F) at the temperatur 
of the measurements [5], aq is the activity of the hydrogen ion, ar 
Mc, and fo, are the molality and the activity coefficient, respectively 
of chloride ion. By this method the mean activity coefficient 0 
hydrogen and chloride ions is obtained. To calculate ay, the assump 
tion is made that fa=fe. 

The activity of the hydrogen ion is governed principally by th 
value of the ionization constant, K, of the boric acid, 


K= (Ay@p0,) /(@u3B03) 


solutions 
osphere 


os the 


l-atm 


to 


and the buffer ratio, mg,n0,/™Ms0;=™/m2, corrected for hydrolysis. 

The compositions of the solutions in moles per kilogram of watet 
(vacuum basis) and the emf from 0° to 60° C, corrected to 1 atmos 
phere of hydrogen are given in table 1. 
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_ Values of the negative of the common logarithm of the apparep 
ionization constant (pK’) of boric acid were calculated for eg¢ 
temperature and concentration by means of the equation 


pK’ =(E— E°)/k+log mei+log (m/m,). 4 


Plots of pK’ at 0°, 25°, and 60° C against the ionic strength, ,japress 
are given in figure 1. Curve A, series A, shows the results obtainedimm spare 
when the concentration of borax was kept constant at 0.01 m, whereagim The V8 


the ex 


that of the chloride was varied; curve B, series B, is plotted from th 
ven L 


data in which the concentration of chloride was maintained at 
constant value (0.01 m), whereas that of the borax was varied: cury 


C, series C, denotes the data obtained when the molality of borax wad """* * 
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Ficure 1.—Plots of pK’ at 0°, 25°, and 60° C. against the ionic strength 


Curve A shows the results obtained when the concentration of borax was kept constant at 0.01 m, whu 
that of the chloride was varied (series A); curve B denotes the points obtained in which the concentrs 
tion of the borax was varied, while that of the chloride was kept constant at 0.01 m (series B); curve 
was computed from the series in which the borax was kept at 0.025 m, while the concentration of chlorid 
was varied (series C); curve D was calculated from the data for stoichiometrically equal ratios of bor 
acid, sodium borate, and sodium chloride [1); and curve E represents the data of Owen [3] at 25° C f 

which mgorex™ 0.5675 mcl. 


kept constant at 0.025 and the chloride varied; and curve D represent 
the data obtained for stoichiometrically equal ratios of boric acid 


sodium borate, and sodium chloride [1]. For comparison, the dataljjJrhere 


of Owen [3] at 25° C, in which mgorax=0.5675 mci, are given in curva onic st 
E of figure 1. As expected from the use of this proportion of borate lutio: 
to chloride, curve £ lies between curves B and D. ton of 


When sodium chloride is added to a solution of borax, the value 
for pK’ is lowered. Within the experimental error of the measure 
ments, the values for pK’ for the mixtures of series A and C can eacl 


be represented by straight lines according to an equation of the tyP4in whic 


r rr y In the 
o C mci. 
pK’=pK +C mer otaine 
In eq 5, pK; is the negative of the common logarithm of the apparent llate 
parent] 


ionization constant of boric acid in either a 0.01l—m or a 0.025-™ 
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glution of borax free from sodium chloride, and C is a constant at a 
zven concentration of buffer. 
Similarly, the quadratic equation 


ren 
ex 


pK’ =pKy 4 D ™M Borax T E Miboras (6) 


h. uMmgapresses the variation in series B of the negative logarithm of the 
ine parent ionization constant of boric acid in 0.01-m sodium chloride. 
reagiam The values for pK and for the constants in eq 5 and 6 differ because 
: tha the e extrapolations are made to different ionic strengths, and are 


ven in table 2. 


Tuste 2.— Values for the constants from 0° to 60° Cin the equations pK’=pK,+ 
C mc, (eq 5) and pK’=pKot+ D mporax t+ E m'porax (€9 6 


a 


Equation 5 








Terap - — LS — Equation 6, mci-0.u 

p- 

perature ™ Borez-9.01 7 Bor ax=0.035 
imme | mei Ss pK, D F 
} 
| i 
Cc | | | 
0 | 9. 522 —0. 23 9.545 | —0.22 | 9.509 | 13 17 
5 | 9.450 | —.22 | 9479 |} —.21 | 9.440 | 1.2 lf 
10 «=6| 9388 | —.21 | 9.417 —. 20 9. 381 1.1 15 
15 9.336 | —.20 | 9.300 —. 19 9. 328 1.0 14 
20 9. 287 —.19 | 9.308 —.18 | 9.280 | 08 4 
25 9. 241 ~1s | 9259 | —.17 | 9.235 | 7 i4 
30 9.201 | —.17 | 9.222 —. 16 9.196 | 7 ll 
35 9. 1867 16 | 9. 187 —. 15 9. 161 6 1] 
40 9. 134 —. 16 9.155 | —.14 ). 129 f 4 
45 } 9.108 —. 15 9. 122 —.i 9. 10 6 7 
| } 

50 | 9.082 —.14 | 9.004 | =~, 12 9. 078 5 6 
55 | 9.059 13 9. 072 —.11 | 9.054 5 § 
60 | 9.038 —.12 9. 049 —.10 9. 033 4 


ll. pH VALUES OF BORAX-CHLORIDE SOLUTIONS AND 
THE pH OF SOLUTIONS OF BORAX WITHOUT SODIUM 
CHLORIDE 


The pH values for the solutions of series A and C were calculated 
mm the equation 


H=(E— E°)/k+log me;—Ap"*/(1+-Bay*)—C mei, (7) 


there the value for C was obtained from the variation of pK’ with 
urvégmg onic strength. A value of 4.4 was used for a; [1] .2_ The pH of these 
rate vlutions are expressed more conveniently in terms of the concentra- 


ton of the added salt by the equation 


pH, =0 01 mo =X) ~ = pH, (™Borax™0-01 moo time, (8) 


™ Borax 


awhich pH, m Borax™0.01 mc }=0) denotes the pH of a 0.01—m borax buffer 


1 the absence of sodium chloride. The value of the constant F is 
dtained by the method of least squares. A similar equation is 


Saseret rtd 
lateral evidence obtained for phthalate [6], phosphate [7], and phenosulfonate [8) buffers show that 
#parently ag is unchanged when the ratio of buffer to sodium or potassium chloride is altered. 














548 Journal of Research of the National Bureau of Standards 






















obtained for 0.025-m borax. Values for the pH of 0.01-m ap 
0.025~m solutions of borax calculated from eq 8 and of the correspon, 
ing values for F are given in table 3. 


4 


Tasie 3.— Values for the pH of 0.01-m and 0.026-m solutions of borax free frop 
sodium chloride and the corresponding values for F in eq 8 








pH (* Borar=0.01'*Cl=0 | PF | pH (™ Borax=0.025°"C1=0) F 


| 


| 
| Temper- 
ature 











°C 
0 | 9. 463 
5 9. 389 
10 | 9. 328 | 
| 
| | 


| 
° 
3B 


uu 
So 


| 15 
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9. 273 
9. 223 


25 9.177 
30 9. 135 
35 9. 100 
40 | 9. 066 
5 | 9. 037 
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50 | 9. 012 
| 55 8. 987 
60 8. 961 
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Seuss 
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Hamer and Acree |9] proposed a method for calculating the pH of 
buffer-chloride solutions that obviates the necessity of determining 
either a, or C. This procedure, once its validity were established 
would have much to recommend it, especially in the treatment of uni- 
univalent buffer mixtures. Hamer and Acree proposed the equatio 


pH = [—log (fufoima)°— P\/Q 


for the calculation of buffer solutions containing no chloride io: 
in which —log (fafcymy)° represents the limiting value at mc\= 
of —log (fafcymsg) =(E—E°)/k+log me, and P and Q are constants 
whose numerical values are independent of the pH of the buffer but 
depend only on the temperature, the nature of the cation, and the 
ionic strength of the solution. This method was applied by them to 
the calculation of the pH of 0.05-m acid potassium phthalate from 
0° to 60° C and compared with the pH calculated by the longer but 
more rigorous process involving a,, and C110]. The difference between 
the pH values obtained by the longer and the shorter methods varied 
from +0.005 to —0.004 pH unit from 0° to 60° C. 

The pH of 0.01-m and 0.025-m solutions of borax free from sodium 
chloride were calculated with the use of eq 9 and the values of P and 
Q given in table 4.* 

Although these values of P and Q are for potassium salts, considera- 
tion of the work of Harned and Hamer [11] and of Harned and Man- 
weiler [12] indicate that the difference between potassium and sodium 
salts is small, especially in dilute solutions. 

The pH values for 0.01-m and 0.025-m borax buffers calculated by 
the two methods are given in table 5. In the case of 0.01-m borax 
buffer, the trend of the difference is about the same as that found for 
phthalate. For 0.025-m borax buffer, the agreement is considered 
satisfactory. 


Plot: 
to 60° 
heures 
wlutio 
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+ These values were obtained from Walter J. Hamer. 
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gE 4.— Values for P and Q for calculating pH by means of eq 9 * 








TABL 


TABLE 5. 











«Obtained from Walter J. Hamer; va 


























lues at 4=0.05 are listed by Hamer and Acree [9]. 





p=0.005 p=0( | p=0.02 | p=0.05 p=0.10 

J — ee _— _ — — ——_— —— — _ — 

P | @ | P Q --)-s2 P Q P Q 

| 

0. 0302 1, 00046 | 0.0413 1.00065 | 0. 0566 1. 00087 | 0.0772 1.00107 | 0.0038 | 1.00123 
0303 1. 00045 0418 1. 00064 0567 1. 00083 . 0773 1. 00102 0042 | 1.00115 
, 03804 1. 00044 0418 1. 00061 . 0567 1. 00079 . 0776 1. 00096 . 0045 1. 00108 
0307 1. 00042 0419 } 1.00059 . 0568 1. 00075 . 0782 1. 00004 0955 | 1.00102 
. 0308 1, 00041 0422 1, 00057 . 0569 1. 00072 . 0789 1, 00090 . 0963 1. 00006 
0313 1, 00040 0423 1. 00055 . 057: 1, 00068 . 0796 1. 00085 . 0976 | 1.00092 
0319 1. 00039 0431 1, 00053 . 0582 1, 00065 . 0807 1. 00082 0990 | 1. 00088 
0322 1, 00038 0437 1.00051 . 0587 1. 00062 . 0818 1. 00079 . 1002 | 1. 00084 
0325 1. 00036 0441; 1.00049 . 0595 1. 00059 . 0829 1. 00076 . 1018 | 1. 00080 
0327 1, 00035 . 0446 1. 00047 . 0601 1. 00056 . 0838 1. 00073 . 1029 | 1.00078 
0334 1. 00033 0451 | 1 00045 . 0608 1, 00053 . 0849 1. 00068 . 1042 | 1.00074 
0339 1. 00032 O45¢ 1. 00042 .0613 | 1.00050 . 0859 1. 00066 . 1054 1. 00071 
. | 0343 1, 00031 . 0459 1, 00039 . 0620 1. 00047 . 0869 1. 00065 . 1064 1. 00069 


Comparison of the values for the pH of 0.01-m and 0.025-m solutions 
of borax free from chloride calculated by means of eq 7 and 9 


























H 
_ 0.01-m borax buffer 0.025-m borax buffer 
a Temper- | err rT ee — 
she ature | D : 
, » iffer wn Differ- 
ul = eq¥ | ence page eq 9 ence 
. 
0 9. 463 9. 457 +0. 006 9.460 | 9.457 +0. 003 
5 9. 389 9. 38: +. 004 9. 304 9. 392 +. 002 
10 | 9. 328 9. 324 +. 004 9. 331 9. 330 +. 001 
15 | 9.273 9. 272 +. 001 9. 274 9. 273 +. 001 
20 | 9. 223 ). 222 +. 001 9. 221 9. 221 +. 000 
1 5 9.177 | 9.176 | +. 001 9.172 9.172 +. 000 
ants 30 9. 135 9. 136 —. 001 9. 134 9. 134 +. 000 
a 35 | 9.100 9. 102 —. 002 9. 099 9. 099 +. 000 
b I 40 | 9.066 067 | —.001 | 9.066 9.066 | +. 000 
| tl 45 9.037 | 9.040 —.003 | 9.031 9. 031 +. 000 
m 50 9.012 9.013 —. 001 9. 003 9. 003 +. 000 
f. : Be 8.987 | 8.989 —.002 | 8.930 8. 981 —. 001 
rom 60 8.961 | 8.966 —. 005 8.956 | 8.957 | . 001 
- but | | | 
veer 
: ° 
1A( ots oO 1 ro 
riedfm Plots of PH imporsxeo.o1, "crex) 80d Of PH mporaro 25, Mciax? from 0 





tures 2 and 3. 


60° C as a function of the molality of sodium chloride are given in 
The extrapolated values for the pH of 0.01l-m 


wlutions of borax free from added sodium chloride are plotted in 
igure 4. The relation between the pH of this solution and the abso- 
te temperature 7 (273.16+-temperature in degrees centigrade) is 
pressed by the equation 





pH=2331.7/T+0.0174337—3.840, (10) 
vith an average deviation of 0.001 unit from 0° to 60° C. 

The values of C in eq 5 for 0.01-m and 0.025-m borax buffers are so 
tearly the same that it is possible to use the average value of C at each 
emperature in eq 7 to compute the pH of the solutions in series 
5(Mey-9.1). These values are shown graphically in figure 5. The pH 
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Fiaure 3. 
pH 


Plot of the pH 


\"Boraz—0.025° ™Cl= 
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values from 0° to 60° C for 0.025-m solutions of bor 


x) 28 a function of the molality of sodium chloride. 
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rE 4.—pH of a 0.01-m solution of borax in the absence of sodium chloride, 





PH imp orax<o.o1: ™cixo OF table 3, as a function of temperature. 
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MOLALITY OF BORAX 


‘IGURE §5.—Plot of the pH values from 0° to 60° C for various concentrations of 
borax buffer in 0.01-m sodium chloride solution. 
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of the chloride-free solutions were then obtained by adding 0.006 yp; 
the average of the changes in pH on adding 0.01 mole of sodjy 
chloride to 0.01-m buffer (0.007 unit) or to 0.025-m buffer ((.qqllMwid, a 
unit), to the values read from the curves in figure 5 for the particulaam [f the 
concentration of buffer in 0.01-m sodium chloride. The pH of severgi. 5, are 


. 


The v 


v anal 

















concentrations of chloride-free buffer obtained in this manner he ion) 
given in table 6. ) mole 
BOs" 
TABLE 6.—pH values for chloride-free borax buffers at various concentrations rrect! 
————_ ions of 
Molality of buffer . From 
Temper- eR = Fs 107 
ature i 
0.01 | 0.025 0.05 h, #10 
x ae ee: ee dering 
"oS i t HB 
0 9.463 | 9.460 9, 512 | HyDy 
5 | 9.389 | 9.394 9. 434 spect 
10 6] «69.328 «| «(9.334 «| «(9 362 
15 9.273 | 9.274 | 9.305 cent 
20 9. 223 9. 221 9. 247 1-4 
| é | 
25 9.177 9.172 | 9.196 the Rar 
30 9. 135 9.134 | 9.152 : 
35 9. 100 9. 099 9. 109 nelus} 
40 9. 066 9. 066 9. 069 age 
45 9. 037 9. 031 9. 037 nS ar 
50 9. 012 9. 003 9. 008 ! oh 
55 8. 987 8. 980 8. 980 mall di 
60 8. 961 8. 956 8. 956 ted | 
ed DI 
boric 
The pH of the solutions in series B were also calculated with thud in 
values for pA’ and for P and Qin table 4. At the same concentrati 807, = 
pH values calculated with the use of eq 7 appear to average 0.00MB mati 
unit higher than those computed by eq 9. The shorter method ther 10-4 
fore appears to be promising, and it should be subjected to furtha@-, 
tests on other buffer systems. th = 
The pH values for the more dilute borax solutions are probably thgg® “8° 
more trustworthy because the corrections for the activity terms a! sted bl 
smaller. It must also be recognized that some polyboric acids magg*\®¢ P 
be formed in the more concentrated solutions. Thygesen [13] mea i “ 
ured the specific conductance at 18° C of aqueous solutions of borig 42 ¥" 
acid ranging in concentration from 0.03 to 0.60 molar. His dat *sociat 
° . . . . . S08" > 
indicated the formation of polyboric acids in the more concentrate™m' ws 
solutions and yielded the following approximate equilibriugg™P"4S 
constants:* — 


slution 


H,B,O,= H*+HB,O; ; K,=1.8X10~. 


IV 
HB,O; ==H++B,0;-; K,=1.5X 10-5. 
4H,BO,=H,B,0,+5H,0; K,=3X10-+. The ] 
same ce 
! - ! d , « —If iy) 

H,BO,=H++BO; +H.0; K,=6.310-". T% 

ee I the 

4 As an alternate explanation, Thygesen pointed out that the formation of a number of polymers suct ‘eli . 
(H3B0;)n could be postulated where n=1, 2, 3, 4, 5, etc. On this basis, it was concluded that the pt Cumin 
dominant polymer was the singly ionized form of triboric acid HsB;0; or Bs;O0;. Unfortunately for t a 

. . The fe 
assumptions, at the higher concentrations of boric acid the increase in the apparent gross ionization const! hee Fy 
of boric acid is paralleled by an increased uncertainty in the interpretation of the conductance data ~ ay , 


literature up to 1938 has been summarized by Thygesen. ista in the 
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The value for the first ionization constant, K, of eq 11, was estimated 
analogy with the ratio of the two ionization constants of glutaric 
|, a typical organic acid. 

If the conclusions of Thygesen for free boric acid, pH approximately 
\5, are applied to solutions of boric acid and sodium borate of pH 9, 
ionization constants given above suggest that in 0.01-m borax over 
mole percent of the total boron is in the form of tetraborate ion, 
3,0,-~, and increases to 85 mole percent for a 0.05-m solution. The 
rrectness of these estimated values is not supported by interpreta- 
ns of the Raman spectra of solutions of borax [14]. 

From the work of Kolthoff [15] at 18° C, Latimer [16] estimated 
(~10-*, A,~10~*, and, from the ratio K,/K,~10° for inorganic acids, 
,~107~* for the second ionization constant of tetraboric acid. Con- 
lering only the magnitude of these values, the concentrations 
H,B,O;, HB,O;-, and B,O;-~ in a 0.01-m solution of borax are, 
ectively, 2X10-", and 3X107*, and 6X107-° m. When the 
entration of borax is 0.05 m, these values are increased to 1 107", 
10-*, and 3X10-*. These estimates are not in disagreement with 
Raman data of Hibben [14], nor do they invalidate the essential 
lusions of Thygesen that in 0.1-m boric acid, the above concentra- 
s are very small (approximately 107°, 10-*, and 10-" m). 

Tne neglect of the formation of these polymers affects only to a 
ll degree the values for the pH of buffer-chloride solutions calcu- 
ed by means of eq 7. For example, a solution containing 0.2 mole 
boric acid and 0.1 mole of sodium hydroxide per liter of solution 
d in which the formation of polymers is ignored, My,no,=0.1, 
-, = 0.1, and the ionic strength is 0.1. If, on the other hand, the 
mation of polymers is recognized, my,o;-=3 X10, magps,o; 
10, = ™my,n,0,=1X10~", My,80,= 9.10565, and mpgoz=0.08155. 
lhe concentrations of boric acid and of borate ion are not significant 
the number of figures given but were calculated by difference.) 
The ionic strength in this case is 0.0938. The difference in the calcu- 
ted pH of the two solutions is —0.003 unit when the same value for 
in eq 7 is used in each case. 

In view of the uncert 1inty in the exact value for the ionization and 
wsociation constants in eq 11, 12, and 13, an error of +0.005 unit is 
signed to the pH values of the 0.05-m solutions. It should be 
mphasized that the magnitude of the uncertainty from this cause 
ps rapidly with decreasing concentration and may be neglected for 
solutions as dilute as 0.02 m.° 














IV. COMPARISON WITH THE pH VALUES IN THE 
LITERATURE 


The pH values reported by a number of the earlier workers for the 
me concentration of buffer differ somewhat because of either the 
mplete disregard of the potentials at the liquid junction or the use 
the Bjerrum extrapolation [17] and the assumptions made in the 
limination’’ of these potentials. Further, it was not then recog- 





¢ fact that it would be permissible to neglect the formation of polyboric acids in dilute solution was 
{ the factors in the decision to limit to 0.01 m the maximum concentration of borax for use as a pH 
lard. The pH values of the more concentrated solutions, however, are useful for comparison with other 
in the literature. 
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nized that the potential of the calomel electrode was affected by lac yf pH 

of intimate contact between the finely divided mercury and {ham gterac’ 
mercurous chloride [18], by exposure to air [19], the presence of smal 
amounts of potassium bromide [20],.and by thermal and electrica H of s 


hysteresis [21]. The algebraic sum of these errors may have varie, gethe 
from one investigator to the next. A number of workers assumed thadi wed. 

the pH at the midpoint of the neutralization of boric acid was equa resent 
to pK’ and were not aware, for example, of the correction of approxi gven i 
mately 0.1 pH unit in 0.05-m solutions of borax which would now }y Rece 
applied for the activity coefficient of the borate ion. For thesalllll force, J 
reasons, it is difficult to apply suitable corrections to some of th ntain 
earlier data. Some of the data, especially those obtained in the last of the 1 
few years, are recorded in sufficient detail to permit the recomputatioyi wid, t] 
TaBLE 7.—Comparison of the published pH values obtained for borax buffers by u=( 


P }. 
various workers 


| pH value ere 
Cell Tem- af —S | 
Year Worker sys- yg = Bo ea Remark lid-) 
tem “ys _— Previ- | his } 
°¢ ous Liers 
worker | Pape! f 
I té 
[he 
1908 Schmidt and Finger [22].| (*) 15.7 | 0.0625 9. 27 9. 34 Estimated value for ’ 
7. ae 
1909 Sorensen [23] - - -- (> 18 05 9. 24 9. 215 Sop 
1915 Palitzsch [24]_. 18 . 05 9. 24 9. 270 aniees 
1916 Clark and Lubs [25] (¢) 20 0125 | 9.138 9.19 Estimated value for ntal 
| 7, 0.05-m KC] pres : 
10 | .05 9. 30 9. 362 ite, 
20 | .05 9. 23 9. 247 fer < 
. , = fas 30 | « «.05 9.15 9. 152 | ; 
1920 Walbum [26] (») 40 .05 | 9.08 | 9.069 | nh, bh 
| | 50 05 9.00 | 9.008 | , 
60 .05 | 8.93 | 8.956 hap 
{ 15 | .005 | 9.23 9. 280 | tenti 
1922 Menzel [28].... | (*) 18 .005 | 9.20 9. 249 | 
| 25 005 | 9.15 | 9.184 | the 
1924 Prideaux and Ward [29] 18 005 | 9.02 9. 248 | of 
j .01 9.19 9. 243 | icu 
927 “olth i Bosch } 4) | = \ .02 9. 20 9. 242 Fron 
1927 Kolthoff and Bosch [30].| | { .005 | 8.95 8.966 | , 
60 | .01 | 8.89 8.961 | neh 
|:02 | 8.88 8. 957 | : | 
1931 Fawcett and Acree [31] (*) 25 .0125 | 9.04 | 9.166 | Estimated value for ¢ hizat 
| | 7, 0.05-m KC! present ‘ thei 
1931... Britton and Robinson | (¢) 14 0055 | 9.10 9.28 | Estimated value f : 
32]. | | } | 7, authors used “uni- ine pH 
} } } | versal buffer.” fo Q7 
1934... Branch, Yabroff, and /| (¢ 25 .015 | 9.20 9.175 | Value for pK’ in col. 6st tide 
Bettman [33]. | | midpoint of titration R ould 
| 12.5} .0333 | 9.27 | 9.314) ' 
. . > 25 : | 9 s tn 
1937 Britton and Welford [34].|(*) = «| ‘oat ae | ead on 
| §3 . 0333 8. 97 8. 990 | ‘ 
| ‘OL | 9. 180 |} 9.177 | ilue j 
02 | 9.168} 9.173 m 
|. 25 03 9.170 | 9.176 | lhe 
1937-38 Hitchcock and Taylor | o4 9.175 | 9.185 nt 
(35). 05 | 9.180] 9.195 m 
005 9.091 | 9.084 el 
.01 9.078 | 9.081 
® 38 .025 9. 059 9. O78 ———— 
. 0375 9. 062 9. O82 he j 
05 9. 070 9. ORS = 


* H;/buffer|jsat. KC1!0.1-N KClicalomel. 

> H»|buffer!|1.75-N and 3.5-N KCl/\0.1-N KCl|calomel. P 

* H;|buffer|/sat. KCljcalomel. gt 
4 H;| buffer) sat. KC]iiquinhydrone in 0.01-N HCl+0.09-N NaCl|Pt. he me’ 
¢ Sb, Sb20;/“‘universal buffer’’!'sat. KCl] N KCl|calomel. 

t Hy! buffer|isat. KCl!| N KCl!calomel. sion 

« H;|buffer|sat. KC1/0,1-N HCl|Hs. wed for F 
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‘pH values that take cognizance of present views concerning the 





oC ; . 

thal pteraction of ions in solutions. 

malig In table 7 are given the values obtained by various workers for the 
ica ff of solutions of borax at various concentrations and temperatures, 
rie gether with the available information concerning the type of cell 
that wed. The corresponding values obtained from the results of the 
qualagm present paper by the method of cells without liquid junction are 
OX sven in column 7. 

vy bam Recently, Hitchcock and Taylor [35] measured the electromotive 
hesaimm force, LE, at 25° and 38° C of hydrogen and calomel electrode cells 
thallm containing various buffers at several dilutions. A combined function 
last of the measured emf of the cell, the ionization constant of the buffer 
tion |, the buffer ratio, and the first term, Ayu”, of the Debye-Huckel 


pression was plotted against the ionic strength and extrapolated 
u=O to obtain the value of £) in the equation 


pH=(E—E,)/k, (15) 


re E, is the potential of the reference electrode including the 
iid-junction potential. The pH values calculated for the borax 
fers on the assumption that /) remains constant are given in column 
f table 
The extrapolated value for Z obtained by this method appears to 
ide the liquid-junction potential between an infinitely dilute 
fer and saturated potassium chloride solution, and if the experi- 
ntal measurements are extended to solutions that are sufficiently 
ite, one should obtain values for & that are independent of the 
feremployed. In calculating the pH of buffers of finite concentra- 
however, the value for £, used as a constant in eq 15 should 
haps be re placed by Eo’ =Eyer+;, where E,-7 is the invariant 
tential of the reference electrode and EF, is the potential generated 
the liquid junction between saturated pot: issium chloride and the 
ticular concentration of buffe T in question.‘ 
From the pH-titration curve of boric acid with sodium hydroxide, 
Branch, Yabroff, and Bettman 133 reported 9.20 for the apparent 
nization constant, pK’, at an ionic strength of 0.03. Two corrections 
their data are permissible: (a) the accepted value at 25° C for 
pH of the 0.05-m potassium acid phthalate is now 4.01 instead 
.97 as employed by these authors, and (b) activity of the borate ion 
ld be employed, rather than its gross concentration. ‘The first 
(these corrections amounts to +0.04 pH unit and the second to 
).07 unit at a buffer concentration of 0.015 m. The corrected pH 
e is 9.17, which checks well with 9.175 interpolated from table 6 
The values given by Menzel [28] should be increased by 0.04 unit 
compensate for the change from 3.97 to 4.01 for the pH of phthalate 
ler. His value for the pHi of a mixture of 0.01-m H,;BO;,;+0.01-m 


ee 


pH values given by Hitchcock and Taylor were calculated from their emf data without correction 
junction potentials. For a given reference electrode at any one temperature, they employed only 
wh ich was the average of values given by the extrapolation of data obtained with several b uffer 
(personal communication from Dr. Hitchcock). 
1 be emphasized that the numerical value calculated for the pH of a solution depends somewhat 
nition of the term “‘pH.’ The differences between columns 6 and 7 of table 7 should be construed 
ght. For the justificatio n of the basis used by this Laboratory in calculating the pH of solutions 
thod of cells without liquid junctions, reference is made to the paper by Hamer and Acree [2]. It 
iggested that pH values defined on this basis be given a distinctive symbol such as pH to avoid 
with the values of pH rmined from cells with liquid junctions in which a uniform value is 
r FE 9 (See footnote 2 of reference 2 





aet 
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NaBO, at 25° C then becomes 9.19, compared to 9.184 estimated fromm It is 
the method of cells without liquid junctions. The correction {ogi wen | 


the difference in the liquid junction potentials between phthalate anim ¢ cells 
borate buffers at these concentrations is negligible [36]. or the 

Walbum [26] measured from 10° to 70° C the pH of mixturegi saking 
of 0.1-m sodium borate and 0.1-m boric acid. These data are quoted de vat 


extensively in Clark [27]. The correction for the liquid-junctiogmf nent i 
potential was made by the extrapolation method of Bjerrum. Th 
interpolated value at 25° C for the pH of 0.05-m borax is 9.19 fro; 
Walbum’s data and 9.196 from table 6. Because additional detailg a 
are lacking, it is difficult to make corrections at other temperatures} Whil 


Clark and Lubs [25] measured at 20° C the emf of a cell composed ed fe 
of a hydrogen electrode immersed in a buffer solution and a saturated ieved 
calomel electrode and compared the potential of the latter with th@gj"e 1°" 
tenth-normal calomel electrode. The emf data were then reported ™<tur 
for the hydrogen and tenth-normal calomel electrode with a bridge of solv! 
saturated potassium chloride. In addition to the customary correcgmmg VINE 
tion to the observed emf, moa l-l 

We esistal 
9 2N9eR4 ae ind pe 
pa=?3076RT log (760/(P—p), (6 ccight 


OF 


nit 


rantag 


where P is the barometric reading and p is the vapor pressure of watet 
in the solution, Clark and Lubs made a further correction for thagg@™° ® 
concentration (the pressure) that the hydrogen gas would have if if Be 
were at 0° C instead of the temperature of the measurements. On thagg” P!* 
basis of the single correction (eq 16) one obtains 0.56890 v and 0.869074 Mee 
v, respectively, at 20° C for the measured emf for 0.05-m potassiunggg 2°“ 
acid phthalate and for 0.025-m H,;BO;+0.025-m NaBO,+0.05-n uuffers 
KCl. The present value for the pH of the 0.05-m phthalate buffeggy ‘’ 
at 20° C is 4.001 [10], determined by the method of cells without liquid’ 
junction. The combination of 0.56890 v for the emf and of 4.001 fomgm sandai 
the pH yields 0.33626 v for E,,,4+-E, of 0.05-m phthalate buffer iq 
contact with saturated potassium chloride. The pH value for 0.025-n 
H,BO,+0.025-m NaBO,+0.05-m KCl is therefore 9.163. The valu The 
estimated from tables 3 and 6 for this buffer is 9.19. od m 
S¢érensen’s measurements at 18° C [23] made use of the tenth-normal jhese @ 
calomel electrode and the Bjerrum extrapolation. The potential o 
the reference electrode (E£,.;+E;) was determined by replacing th@ 
buffer solution with 0.01-m HC1+-0.09-m NaCl. The value 9.24 aij \)) G.. 


18° C was obtained for the pH of 0.05-m borax. One correction taj. _ 
the above work involves a change in pH value of the hydrochloriag ; ) 
acid-sodium chloride mixture. Sgrensen used 2.038; the current’ ‘; 
treatment of electrolytes yields 2.014 [37], from which £,.;+£,—3§ |) i. 
0.3389 v. A second correction involves the difference in the value 1G. 
for (Ey—Ej1)/k between the hydrochloric acid-sodium chloridaj i. * 
solution and the borax buffer each in contact with a saturated solutiom] 7p’, 


of potassium chloride. This correction is estimated to be —0.02 pH \s) R.. 


unit [36]. The corrected value for the pH of Sgrensen’s borate bulfeq™ °) W 
is therefore 9.20 with a possible uncertainty of +0.02 unit. Fron a m 
table 6 the pH for a solution of borax of the same concentration 9: hol an 
9.215. ry purp 


rteg 


re OF 
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t is therefore evident that to a large extent the discrepancy be- 
seen the pH values of comparable | vuffers determined by the method 
‘cells (a) with liquid junction and (b) without liquid junction is due 
rthe most part to the manner alle in the first method for 
saking the correction for the liquid-junction potential. Considering 
he variety of methods by which the corrections were made, the agree- 
nent is satisfactory. 


V. RECOMMENDED BUFFER SOLUTION 


While any of the concentrations of buffer listed in table 6 can be 
sed for the preparation of solutions of a definite pH value, it is be- 
ved that, because of the closer approach to an ideal behavior of 
ions in a dilute solution, the most practical concentration is a 
xture of 0.02 mole of boric acid and 0.02 mole of sodium borate 
solved in 1 kg of water. This solution can be prepared by dis- 
glving 3.81 g of borax (0.01 mole) in freshly boiled distilled water 
a l-liter volumetric flask and filling the latter to the mark.’ The 
sistance of solutions of borax to change in pH on dilution is large 
ad permits the use of concentration on the volume rather than on 
ght basis, the difference in this case being less than 0.001 pH 
nit. The high molecular weight of borax, 381.434, is another ad- 
tage. The pH values from 0° to 60° C for this solution are the 
» as those given in column 2 of table 6. 

The 0.01-m borax buffer forms a useful standard for the calibration 
{pH meters that use the Corning type 015 glass electrode because 
“sodium error’’ for this buffer is only 0.01 pH unit. It is recom- 
ended that all types of pH meters be calibrated with at least two 
iffers spaced as widely apart as possible on the pH scale. In addi- 
tion to 0.05-m potassium acid phthalate, pH=4.005 at 25° C, for 
hich the correction (Z;,—£;,,)/k is negligible, a number of other 

standard buffers have been recommended [36]. 


=| 


The authors are indebted to Cyrus G. Malmberg for the preparation 
d measurement of the conductance of the distilled water used in 
lese experiments. 
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EATS, EQUILIBRIUM CONSTANTS, AND FREE ENER- 
IES OF FORMATION OF THE MONOOLEFIN HYDRO- 
CARBONS ! 

John E. Kilpatrick *, Edward J. Prosen, Kenneth S. Pitzer *, and Frederick D. 


Rossini 


ABSTRACT 


forethylene, propylene, each of the four butenes, six pentenes, and 17 hexenes, 
r the higher normal! l-alkenes, values are presented for the following thermo- 
properties to 1,000° or 1,500°K: The heat of formation from the ele- 
AHf°; the free energy of formation from the elements, AFf°; and the 
hm of the equilibrium constant of formation from the elements, logiKf. 
1 of the 6 pentenes and 17 hexenes, values are also given to 1,000° or 
K, for the following properties: The heat-content function, (H°— H,°)/T; 
e-energy function, (F°— H,°)/T; the entropy, S°; the heat content, H° — H,°; 
he heat capacity, C,°. 
librium constants and concentrations are given in tabular and graphical 
for the isomerization of the 4 butenes, 6 pentenes, and 17 hexenes, as a 
of the temperature to 1,000° or 1,500°K. Equilibrium constants are 
en in tabular and graphical form for some reactions of hydrogenation, 
rization, and alkylation. 


CONTENTS 


Page 
ntroduction _ - - 560 
Units and constants 560 
Heat-content function, free-energy function, entropy, heat content, and 
heat capacity__-_-- ; 560 
1. Method and data used in the calculation ee . _.. 560 
(a) Ethylene, propylene, and the four butenes 560 
(b) Pentenes and hexenes__-_--.- 560 
2. Results for the pentenes and hexenes 563 
t of formation, free energy ot formation, and equilibrium constant 
f formation —__-_-__-_- ain . 563 
1. Method and data used in the calculations ” 563 
2. Results for all the monoolefins through the hexenes and for the 
higher normal l-alkenes- ~~~ 564 
Free energies and equilibria of isomerization of the butenes, pentenes 
and hexenes_..- .-- 591 
ilibrium constants for some reactions involving hydrogenation, 
limerization, and alkylatior .. 603 
References... _-__- ae 
estigation was performed jointly by the American Petroleum Institute Research Pr ct 44 
ection, Analysis, and Calculation of Data on the Properties of Hydrocarbons” and the Ther- 
Laboratory at the Nationa! Bureau of Standards 
arch Associate on the American Petroleum Institute Research Project 44 at the National Bureau of 


tant tothe American Petroleum Institute Research Project 44; Professor of Chemistry, University 
rnia, Berkeley, Calif. 


559 








560 Journal of Research of the National Bureau of Standards 
























I. INTRODUCTION one 
nae 
As part of the work of the American Petroleum Institute Research xe? ' 
Project 44 and the Thermochemical Laboratory at the National Byggg byeroc 
reau of Standards, values have been calculated for the heat-contenfi *P'OP. 
function, the free-energy function, entropy, heat content, and heggim™ te Pe 
capacity, of the 6 pentenes and 17 hexenes in the gaseous state :qugg igure - 
1,000° or 1,500° K, and for the higher normal 1-alkenes in the gaseoy 
state to 1,500° K. These data have been combined with similaamm Type ( 
values calculated for ethylene, propylene, and four butenes, all in th 
gaseous state, to 1,500° K [1],* and with the previously reporte 
values of the heats of formation at 25° C, from the elements, of alj 
the monoolefin hydrocarbons through the hexenes and of the highogm™ Type ( 
normal l-alkenes [2], to obtain, for the corresponding temperatures td 
1,000° or 1,500° K, values of the heats, free energies, and equilibriung 
constants of formation of the 29 monoolefin hydrocarbons throug! 
the hexenes and of the higher normal 1-alkenes, values of the freaml Type ( 
energies and equilibrium constants of isomerization of the butenes 
pentenes, and hexenes, and values of the equilibrium constants fo 
some reactions involving hydrogenation, dimerization, and alkylating} | 
The results are presented in this report in tabular and graphical formM ‘ype | 
II. UNITS AND CONSTANTS ' 
J pc 
The unit of energy, atomic weights, and values of the fundamental The ec 
constants used in this report are the same as those previously ded in whi 
scribed [3]. essen ti 
type (¢ 
III. HEAT-CONTENT FUNCTION, FREE-ENERGY FUNC in the 
TION, ENTROPY, HEAT CONTENT, AND HEAT CA@™ For 
PACITY rty al 
1. METHOD AND DATA USED IN THE CALCULATIONS tthe: 
Details of the statistical calculations not described here may bag o! the 
found in references [1, 3, 4]. 
(a) ETHYLENE, PROPYLENE, AND THE FOUR BUTENES 
The values for these six monoolefins are taken directly from r shore 
ence [1]. - 
(b) PENTENES AND HEXENES 
As no appropriate calorimetric data nor complete spectros 
data for the pentenes were available, an approximate method of : 
culation was used for these molecules, similar to the method used fot 
the pentynes [4]. This method involves the addition to the val 
for 1-butene (modified as described below) of contributions aris 
from appropriate structural increments determined from the lowe! 
members of the paraffin and monoolefin series, with cognizance bi 
taken, where necessary, of differences in the symmetry numbers 4! 
in the potential barriers restricting internal rotation. The in 
The only potential barriers restricting internal rotation that esse 
quire special consideration in this report are those involving the ro! The 
penten 


‘ Figures in brackets indicate the references at the end of this paper. 
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ion of an ethyl or larger alkyl group that is attached to a doubly 
nded atom. All other barriers restricting internal rotation were 
sken to be the same as in the corresponding paraffin or lower olefin 
rdrocarbons. The barriers restricting internal rotation of an ethyl, 
-propyl, or isopropyl group attached to a doubly bonded carbon in 
the pentenes were taken as indicated in figure 1 and table 1. In 
joure 1, the several barriers are given by the following relations: 






Type (a): } 
V=(1/2)(1—sin 3¢)2400 cal/mole; 0°< ¢< 240° 
= 2400 cal/mole; 240°<4¢< 360° (1) 
Type (b): 
V=(1/2)(1—sin 3¢)2400 cal/mole; 0°<¢< 240° (2) 
=oo cal/mole; 240° <¢< 360° 
Type (c): 
V=(1/2)(1—sin 3¢)2400 cal/mole; 0°<¢< 120° 
= 2400 cal/mole; 120°<¢< 360° (3) 
Type (d): 
V=(1/2)(1—sin 3¢)2400 cal/mole; 0°< ¢< 360° (4) 


A potential barrier of type (a) was used in the case of 1-butene [1]. 
The equations of tables 1 and 2 for the pentene and hexene isomers 
n which the skeletal rotation adjacent to the ethylenic group is 
ssentially the same as in 1-butene do not mention potential barrier 
type (a) explicitly, as the effect of this hindering potential is included 
n the functions of 1-butene. 

For calculating the contribution to a given thermodynamic prop- 
rty arising from the restricted rotation in the foregoing cases, the 
lassical partition function may be used, since the moment of inertia 
‘the rotating group (ethyl or propyl) is considerably larger than that 
{the methyl group: 


/ Qe 
Q—| (2xmr ink | [e-r™™rde, (5) 


9 =the classical partition function for internal rotation 
=the reduced moment of inertia of the rotating group 
k=the Boltzmann constant 

T=the absolute temperature 

n=the symmetry number for the given rotation 
h=Planck’s constant 

V=the potential energy of the rotor, a function of @ 
R=the gas constant 

¢=the angle of rotation. 


where 


The integral in eq 5 was readily evaluated for each case in terms of 
Bessel functions. 

The equations for calculating the thermodynamic functions of 
pentenes and hexenes are given in tables 1 and 2. 
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Figure 1.—Potential barriers restricting internal rotation. 


See text for explanation. 
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pLE 1.—Components used in the evaluation of the heat-content function, (H 
H3)/T, the entropy, S°, the negative of the free-energy function, —(F° — H9)/T 
1 the heat capacily — for the pente nes 


Compound ( ponents ® 
Pentene 1-Butene+(n-butane— propane 
cis-2-Pentene Butene*+(type b internal rotation for the ethyl gr 
(cis-2-butene —propylene)+ Rin2 
ns-2-Pentene -Butene+ (trans-2-butene — propylene) + Rin2. | 
2-Methyl-1-butene Butene*+(type c internal rotation for the ethyl group)+ 
isobutane —propylene)+ln2 
Methyl-l-butens 1-Butene*+(type d, internal rotation for the isopropyl group) + } 
isobutane — propane)+ Rln(3/2 
Methyl-2-butene , (cis-2-Butene+trans-2-butene+isobutene propylene 
Rin4 
’ ficure 1 and the text for the descripti of the potential barriers restricting internal rotatio rhe 
ng Rin is to be included for the entropy and the negative of the free-energy function but «tis 
r the heat-content function and the heat capacity lhe asterisk on 1-butene indicates the value 
ng the contribution arising from the internal rotation of the ethyl group in 1-butenc For cis-2- 
e particular set of components chose results in a much smaller net restriction on the internal 


e ethyl group than is apparent at first glance 


2.—Components used in the evaluation of the heat-content function 


| H, gl the entro] /, S ; the neqalive of he free-energy functio ; 
F°- H5) 7a and the heat capacity, Cc for the hexenes 
Compound Components* 
1-Hexene l-Butene+ (n-pentene— propane 
s-2-Hexene is-2-Pentene+ (n-butane — propane 

trans-2-Hexene trans-2-Pentene-+ (n-butane — propane 

cis-3-Hexene s-2-Pentene+ (cis-2-pentene —cis-2-butene) — RIn4 
trans-3-Hexene trans-2-Pentene+ (trans-2-pentene —trans-2-butene) — R1n4. 

fethyl-1-pentene 2- Meth y}-1-butene+ (n-butane— propane 
+ Methyl-l-pentene Meth yl-1-butene+(2-methylbutane- 2 | 
i- Methyl-1-pentene 1-Pentene+(2-methy]butane— n-butane 
2- Methyl-2-pentene is-2- Pentene+ (isobutene— propylene | 
| 





}- Meth yl-2-pentene cis-2-Pentene+ (isobutene—propylene)+Fln2 


fra }- Methyl-2-pentene 
s-4- Meth yl-2-penter 
rans-4-Methyl-2-pentene 

2-Ethyl-l-butene 

2,3,- Dimeth y!-1-butens 


+-+- (cis-2-butene— propylene) + Fin2 

+ (cis-2-butene— propylene Rin2 

+ (trans-2-butene— propylene)+ Rin2 
+(2-methyl-1-butene— isobutene) — Rin (36/7 
+ (isobutene— propylene) + Rin2 


; 





}- Dimethyl-1-butene Propylene+(2,2-dimethy]butane — propane Rin2, 
2,3-Dimethyl-2-butene is-2- Butene-+ iso butene-+trans-2-butene—2(propylene)+ Aln2 


e term involving Rin is to be included for the entropy and the negative of the free-energy function 
lisregarded for the heat-content function and the heat capacity. 


2. RESULTS FOR THE PENTENES AND HEXENES 


The resulting values of thermodynamic properties for the 6 pentenes, 
oad . 
7 hexenes, and the higher normal 1l-alkenes are presented in tables 
to 17, which give values of the heat-content function, (H°—H,)/T; 
free-energy function, (F°—H;,)/T7; the entropy, S°; the heat con- 
it, H°—H,; and the heat capacity, C,°. 





Vv. HEAT OF FORMATION, FREE ENERGY OF FORMA- 
TION, AND EQUILIBRIUM CONSTANT OF FORMATION 


1. METHOD AND DATA USED IN THE CALCULATIONS 


The same method of calculation was used as described in Section 
‘\-1 of reference [3]. 
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For the heats of formation at 25° C of the monoolefin hydrocarbons 
in the gaseous state from the elements, solid carbon (graphite) and 
gaseous hydrogen, the values given in reference [2] were used. 

2. RESULTS FOR ALL THE MONOOLEFINS THROUGH THE HEXENES 
AND FOR THE HIGHER NORMAL 1-ALKENES 


The resulting values of the thermodynamic properties for the forma- 
tion of ethylene, propylene, 4 butenes, 6 pentenes, 17 hexenes, and 
the higher normal 1-alkenes, in the gaseous state, from the elements 
carbon (solid, graphite) and hydrogen (gaseous), are presented iy 
tables 18 to 29, which give values of the heat of formation, AH/°; the 
free energy of formation, AFf°; and the logarithm of the equilibrium 
constant of formation, log,) Af; all to 1,000° or 1,500° K. 

Figure 2 shows the thermodynamic stability of the normal 1-alkenes 
in the gaseous state as a function of temperature, in the form of a plot 
of the standard free energy of formation, per carbon atom, divided by 
the absolute temperature. This plot may be compared with corre- 
sponding plots for the normal paraffins and the 1l-alkynes [4, 5]. 


TEMPERATURE IN °C 
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Figure 2.—Thermodynamic stability of the 1-alkene hydrocarbons in the gas 
state as a function of temperature. 


The scale of ordinates gives the value of (1/n) (A Ff°/T) in calories per degree mole, where n is the nun)! 
of carbon atoms per molecule, T is the absolute temperature in degrees Kelvin, and A Ff° is the sta! 
free energy of formation of the hydrocarbon from the elements, solid carbon (graphite) and gaseous ! 
gen, as given in table 10. The scale of abscissas gives the temperature in degrees Kelvin. 
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LE 3.—Values* of the heat content function, (H°—H,)/T, for the six pentenes, 


for the ideal gaseous state, to 1,500° K 











Temperature* in °K 
mpound (gas) —_ A 298.16 | 300 400 500 | 600 | 700 | 800 
Heat-content function,» (77° —Hj)/T, in cal/deg mole 
Pentene CsHio 0 17.97 | 18.02 21.25 | 24. 45 | 27.53 | 30.40 | 33.05 
:-2-Pentene CsHio | 0 16.25 | 16.20} 19.24 | 22.38 | 25.47 | 28.41 | 31.14 
s-2-Pentene CsHyo | 0 17. 27 17. 32 20.54 | 23.76 26. 85 29.71 | 32.390 
Methyl-1-butene CsHuo | 0 16. 77 16. 82 20.20 | 23.53 | 26. 69 | 29.63 | 32.34 
Methy!l-1-butene-.- CsHio 0 17. 23 17. 29 20.95 | 24.42 27.61 | 30.53 | 33.20 
?Methyl-2-butene CsHio 0 16. 38 16.43 | 19.55 | 22.70 | 25.77 | 28.66 | 31.37 
Temperature* in °K 
Y or- | 
Compound (gas) —_ | 900 ,000 1,100 1,200 1,300 1,400 | 1,500 
Heat-content function,» (77°—H})/T, in cal/deg mole 
ntene CsHy | 35.48 | 37.74 | 39.84] 41.78 | 43.50] 45.26 | 46.81 
.2-Pentene ...-| CsH0 33. 68 36. 05 38.22 | 40.24 42.12 43. 86 | 45. 48 
ns-2-Pentene CsHw | 34.86 | 37.16 | 39.28 | 41.24] 43.06] 44.75 | 46.33 
Methyl-1-butene CsHio | 34.83 | 37.15 | 39.30 | 41.27 | 43.11 44.82 | 46. 39 
fethyl-1-butene CsHw | 35.66 | 37.94 | 40.04] 41.99 | 43.79 | 45.44 | 46.97 
2 Methyl-2-butene_- CsHx 33.87 | 36.20 | 38.36 | 40.37 | 42.23 | 43.96 | 45. 57 
| | 








polation to other temperatures in the interval] 298.16° to 1,500° K may be made by appropriate 

r analytical methods. For temperatures between 200° and 298.16° K, values may be estimated 

wlating the values for 300°, 400°, 500° and 600° K. The values in this table are given to more sig- 

gures than are warranted by the absolute accuracy of the individual values in order to retain the 

psistency of the several thermodynamic functions of a single substance, and also to retain the 

ce of the increment with temperature of a given thermodynamic function. 

heat-content function, (#7°— H)/T,is the heat content at the given temperature less the heat content 

K, divided by the absolute temperature (°K) of the given hydrocarbon in the thermodynamic standard 
1s state of unit fugacity (1 atmosphere). 
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TABLE 4 Values * of the heat-content function, (H°— H,)/T, for the 17 he 
for the ideal gaseous state, to 1,500°K 


Temperature * in ° K 


i (vas) For- 0 208. 16 x) 4K 500 600 700 
mula 
Heat-content function >, (H°—H})/T, in cal/de 
CsA ) 21. 40 21. 46 25. 5 29. 4 33. 1 36. 6 
CsHw 0 20. 0 20. 11 23.8 27.6 31.3 34.8 
CrHe 0 21. 07 21.13 25.1 9. 0 32.7 36. 2 
CsHis ( 19. 20 19. 36 1 27.0 20 8 34 4 
CoH 0 20. 51 20. 57 24.7 8.7 32.5 36. 1 
.| CeHy 0 20. 57 20. 63 4.7 28.7 32. 5 l 
CsHu 0 1. 13 20. 21 24 290.1 33 0) a 
CsoHyw 0 19. 63 19. 70 24 8. 3 32.3 
CoH 0 19. 05 19. 11 23.0 27.0 30. 8 4.4 
C.H; 0 19. 05 19. 11 23. 0 27.0 30. 8 34.4 





trans-3-Methy]-2-pen- 
ten¢ CsHis 0 19. 05 19. 11 23. 0 27.0 30.8 34.4 
cis-4-M eth y1-2-pen- 


tene CoHw ) 19. 51 19. 58 23.8 27.9 31.8 
trans-4-Metby!-2-pen- 
tene CeHy ) 20. 33 20. 40 24.8 28.9 32.8 3¢ 
2-Ethyl-1-butene CoH 0 19. 81 19. 87 24.0 28. 1 32.0 35. € 
2,3-Dimeth yl-l-bu 
tene —_ CsHw» 20. 03 20. 10 24.7 29.0 33. 0 36. f 
Dimethyl-1l-bu 
t C.H 0 18. 71 18. 75 23.2 27. € 31.7 
2,3-Dimethy1-2-bu- 
CoH 0 19. 11 19. 16 23. 0 6. 9 .7 34.2 
iv erature * in K 
Compound (ga For 900 1,000 1,100 1,200 1,300 1,400 








CoH 42.8 4 48.0 50. 4 2.6 54. € 
CoH 41.1 4.0 
Cal 42.3 45.1 
CoH 40.5 43.7 
CoH 2.3 45.1 
Methyl-1-pente C.H 12.3 45.1 
Methyl-l-pentene CsHia 42.9 45.7 
4-Methy]-l-pente Cen 42.4 45. 2 
2-Methy]l-2-pentene CsH 40. 8 43.7 
Methyl-2-pent CoH 40.8 43.7 
trans-3-Methyl-2-pentene CeHis 40.8 43.7 

s-4-Trans Methyl-2-pentene CaHy 4] $ 

trans-4-Methyl-2-penten CeHis 42.5 45.3 
2-Ethyl-i-butene " CcHy 42.0 44.5 
2,3- Dimethyl-1-butene Colin 42.8 45.6 
}- Dimethyl-1-butene Cow 2.2 45.1 
2,3-Dimethyl-2-butene CoH 40. 5 43.4 


* See footnote “‘a’”’ of table 3. 

b The heat-content function, (H°—H})/T, is the heat content at the given temperavure 
content at 0°K, divided by the absolute temperature (°K) of the given bydrocarbon in the therm 
standard gaseous state of unit fugacity (1 atmosphere), 
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TaBLE 5.—Values * of the heat-content function (H°—H,)/T, for the higher 
1-alkenes, for the ideal gaseous state, to 1,500° K 


Temperature * in ° K 


Formu-| 9 298.16 300 400 500 600 700 800 


Compound (gas la 


Heat-content function > (H°—H})/T in cal/deg mole 








1-Heptene. ---.--- C;Hu| 0 24.83 | 24.91 | 29.7 | 343 | 38.7 | 42.8 46. 6 
1-Octene..............| Cs Hue 0 28.26 | 28.36 | 33.9 39.2 | 443 49.0 53. 4 
1-Nonene......-.-----| Ce His} 0 31.69 | 31.80 | 381 | 441 | 499 | 55.2 | 60.1 
1-Decene.... Cw Ha 0 35. 12 35.25 | 42.3 49.0 65.5 | 61.5 66.9 
}-Undecene. . . Cu Ha 0 38. 55 38.69 | 46.5 53.9 61.0 | 67.7 73.7 
i | | 
1-Dodecene. -- Cu Ha 0 41.98 | 42.14 | 50.7 58.9 66.6 | 73.9 80. 5 
1-Tridecene- _.| Crs Has 0 45.41 | 45.58 54.9 63.8 72.2 | 80.1 87. 2 
1-Tetradecene.... Cu Has 0 48. 84 49. 03 59.1 68.7 77.8 86. 3 94.0 
1-Pentadecene. - . Cis Ho 0 52.27 | 52.47 | 63.3 73.6 83.4 92.5 100. 8 
1-Hexadecene. -. Crs Ha 0 55. 70 55.92 | 67.6 78. 5 89. 0 98.7 107. 6 
1-Heptadecene Ci Ha 0 59.13 | 59.36 71.8 83.4 94.6 105. 0 114.3 
1-Octadecene Cis Hae 0 62.56 | 62.81 76. 0 88. 4 100. 1 111.2 121.1 
1-Nonadecene Cw Has 0 65. 99 66. 25 80.2 | 93.3 105. 7 117.4 127.9 
1-Eicosene - . .- Cx» Ho 0 69. 42 69. 70 84. 4 98. 2 111.3 123. 6 134. 7 
A per CHs...-.--- ; 0 3.430 | 3.445 4. 21 4. 92 5. 59 6. 22 6. 78 
Temperature * in °K 
Compound (gas F _ 900 1,000 | 1,100 | 1,200 | 1,300 | 1,400 | 1,500 
Heat-content function > (H°—H})/T in cal/deg mole 
Heptene. CrHu| 50.0 | 533 | 563 | 50.0 | 616 | 639 | 66.1 
Octene Cs His| 57.3 61.1 64.5 | 67.6 | 70.6 73.3 75.8 
-Nonene... Co His| 64.6 68.8 72.7 | 76.3 | 79.6 | 826 | 85.5 
Decene Cy Ho! 71.9 76.6 | 80.9 84.9 | 88.6 92.0 | 95.1 
1-Undecene Cu Ha | 79.2 | 84.4 | 89.1 93.5 | 97.6 | 101.3 | 1048 
| | 

1-Dodecene CuHu| 86.5 | 92.2 97.4 102. 1 106.6 | 110.7 | 114.4 
rridecene Cy Ha} 93.8 | 100.0 105. 6 110.7 | 115.6 | 120.0 124.1 
letradecene Cis Hos} 101.1 107.7 | 113.8 | 119.4 | 124.6 | 129.4 | 133.8 
Pentadecene Cis Hao} 108.4 115.5 122.0 128.0 | 133.6 | 138.7 | 143.4 
l-Hexadecene Ci Has | 115.7 123.3 130. 2 136.6 | 142.6 148. 1 153. 1 
1-Heptadecene Cyr Hau} 123.0 | 131.1 138.5 | 145.2 | 151.6 | 157.4 | 162.7 
1-Octadecene Cw Hae | 130.3 138. 9 146.7 153.8 160. 6 166. 8 172. 4 
l-Nonadecene Cie Has} 137.6 146. 6 154.9 | 162.5 | 169.6 176. 1 182. 1 
1-Eicosene- CooHeo! 144.9 | 154.4 | 163.1 | 171.1 | 1786 | 185.5 | 191.7 
A per CHp...... . | 730] 7.78} 822) 862) 9.00) 935) 9.66 


* See footnote “‘a”’ of table 3 
he heat-content function (H°—H})/T, is the heat content at the given temperature less the heat 
ent at 0° K, divided by the absolute temperature (°K) of the given hydrocarbon in the thermodynamic 
jard gaseous state of unit fugacity (1 atmosphere). 


693 


3459-466 
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TABLE 6.—Values® of the free energy function, (F°—H,)/T, for the six penter 
for the ideal gaseous state, to 1500° K 





























Temperature* in °K 

= — SS ee 

Compound (gas) = 0 | 298.16 300 400 500 | 600 | 700 | 800 
| 

Free-energy function», (¥°—H})/T, in cal/deg mole 
| | se | | : Spy 
1-Pentene.............| CsHye 0 |—65.11 [68.23 |—70. 88 |—75.96 |—80.68 |—85.13 |—89, 37 
| ¢cis-2-Pentene......... CsHw 0 |—66.51 |—66.60 |—71.73 |—76.30 |—80. 64 |—84.80 |—&s. 7¢ 
trans-2-Pentene_......| CsHie 0 |—64. 54 |—64.65 |—70.13 |—75.01 |—79.60 |—83.97 |—88. 12 
2-Methyl-1-butene....| CsHw 0 |—64.96 |—65.06 |—70.41 |—75.23 |—79.80 |—84.14 |—88. 27 
3-Methyl-l-butene....| CsHyo 0 |—62.47 |—62.57 |—67.99 |—73.12 |—77. 87 |—82. 34 |—86. 59 
2-Methyl-2-butene....| CsHio 0 |\—64. 52 |—64.63 |—60.84 |—74.48 |—78.88 |—83.09 |—87.09 

Temperature * in °K 
Compound (gas) — 900 | 1,000 | 1,100 | 1,200 | 1,300 | 1,400 | 1,500 
| | 

Free-energy function, > (F°—H})/T, in cal/deg mole 
| 1-Pentene......- .---| CsHio |—93. 42 |—97. 29 |—100.98 |—104. 52 |—107.91 |—111. 20 |—114.30 
cis-2-Pentene............. CsHiw |—92.59 |—96. 27 | —99. 82 |—103. 22 |—106. 52 |—109.70 —112. 81 
trans-2-Pentene.......... CsHiw |—92.07 |—95.87 | —99.51 |—103.02 |—106.39 |—109. 64 |—112. 78 
2-Methyl-l-butene__....| CsHio |—92.24 |—06. 04 } —99. 69 —103.18 —106.55 |—109.80 |—112. % 
3-Methyl-l-butene.......| CsHie |—90. 65 |—94. 51 | —98.23 |—101.77 |—105.20 |—108. 51 |—111.73 
2-Methyl-2-butene.......| CsHi |—90.93 |—94. 62 —98.18 —101.60 |—104. 91 j— 108. 09 —111. 19 








| | | 


* See footnote “‘a’”’ of table 3. 








> The free-energy function, (F°—H})/T, is the free energy at the given temperature less the heat content 


at 0°K, divided by the absolute temperature (°K), of the given hydrocarbon in the thermodynamic star 
ard gaseous state of unit fugacity (1 atmosphere). 
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LE 7.—Values* of the free-energy function, (F°—H,)/T, for the 17 hexenes, for 
the ideal gaseous state, to 1,500°K. 
Temperature * in °K 
- a For- ~ |} 9 . oe 
Compound (gas) | 0 8.16 300 400 500 600 700 800 
} mula 
} ———EE — — 
Free-energy function,» (F°—H})/T, in cal/deg mole 
| 
exene C.Hu 0 —70.85 |—70. 98 —77.7 —83.8 —R89. 5 —04.8 —99.9 
2-Hexene CsH 0 —72.30 |—72. 42 78.7 | —84.4 | —89.8 | —94.9 | —99.7 
1s-2- Hexene | CesHw 0 —70.33 |—70. 47 77.1 | —83.1 | —88.7 | —94.0 | —99.1 
s-3- Hexene CeHn 0 —71.44 |—71. 54 —77.7 | —83.6 | —88.4 | —93.4 | —98.2 
trans-3- Hexene CsHy 0 —69. 53 | —69. 66 76.2 | —82.1 | —87.6| —92.9 | —98.0 
2-Methyl-1-pentene._.| CsHi 0 —70.75 |—70.88 | —77.4 | —83.4 | —88.9 | —94.2 | —99.2 
Methyl-1-pentene C.H 0 —70. 32 |\—70.44 | —76.8 | —82.9 | —88.5 | —93.9 | —99.0 
+-Methyl-1-pentene...| CeH 0 —69.95 |—70.07 | —76.4 | —82.2 | —87.7 | —92.9 | —98.0 
2-Methyl-2-pentene...| CsH 0 —71.40 |—71.51 | —77.6 | —83.1 | —88.3 | —93.4 | —98.2 
--3-Methyl-2-pentene_} CeH 0 71.40 |—71.51 | —77.6 | —83.1 —88.3 | —93.4 | —98.2 
trans-3- Methy]-2-pen- 
tene ..| CeHis 0 —72.21 |—72.32 | —78.4 | —83.9 | —89.2 | —94.2 | —99.0 
cis-4-Methyl-2-pentene_| CsH 0 —69. 72 |—69.83 | —76.0 | —81.8 | —87.2 | —92.4 | —97.3 
trans-4- Methyl-2-pen- | 
tene : . CeHia 0 —67.69 |—67. 8! —74.3 —R80. 3 —&5, 9 —91.2 | —96.3 
2 Ethyl-1-butene CsHw 0 —70. 20 |—70.31 | —76.7 | —82.4 | —87.9 | —93.1 | —98.1 
2,3-Dimethyl-1l-butene.| CsH 0 —67.36 |—67.48 | —73.9 | —79.9 | —85.6 | —90.9 | —96.0 
| | 
-Dimethyl-1-butene_| CsHy» 0 —65.08 |—65.19 | —71.4 | —77.1 —82.4 | —87.5 | —92.4 
2,3Dimethyl-2-butene | CeHu 0 —67.56 |—67.68 | —73.8 | —79.3 | —84.5 | —89.5 | —94.3 
Temperature * in °K 
For- P , . 
Compound (gas) muls 900 1,000 1,100 1,200 1,300 1,400 1,500 
Free-energy function,» (F°—H})/7’, in ecal/deg mole 
Hexene ; CeHw | —104.8 | —109.5 | —113.9 | —118.2 | —122.3 | —126.3 | —130.1 
ris-2- Hexene CesHw | —104.4 | —108.9 
rans-2-Hexene CeHvw | —103.9 | —108.5 
s-3- Hexene CsHi | —102.9 | —107.3 
trans-3-Hexene CeHw | —102.8 | —107.4 e 
2-Methyl-1-pentene CsHw | —104.1 | —108.7 
+ Methyl-1-pentene CsHw —103.9 | —108.5 
t-Methyl-1-pentene CsH —102.8 | —107.4 
2-Methyl-2-pentene CeHw —102.8 | —107.3 | 
is-3- Methyl-2-pentene CoH —102.8 | —107.3 
trans-3-M et h y]-2-pen- 
tene CoH» 103.6 | —108.1 ? 
4-Methyl-2-pentene CeH: —102.1 | —106.6 
trans-4-M eth y1l-2-pen- | 
tene aeeh Gao CoH -101.1 —105. 7 
2-Ethyl-1-butene CsHw | —102.8 | —107.4 
2,3-Dimethyl-1-butene CsHyw | —100.9 | —105.5 
Dimethyl-1-butene CsH 97.2 | —101.9 
Dimethyl-2-butene CoH 8.9 | —103.3 


footnote “‘a” of table 3 
he free-energy function, (F°—H%)/T, is the free energy at the given temperature less the heat content 
K, divided by the absolute temperature (°K), of the given hydrocarbon in the thermodynamic stand- 
iseous state of unit fugacity (1 atmosphere). 
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rr r , . 4 hs - | ( 
Taste 8.—Values*® of the free-energy function, (F°—H,)/T," for the } as * 
1-alkenes, for the ideal gaseous state,fto 1,500° K 
I erature ® ij K 
( pound (gas For- ) 208.16 00 100 “aK 600 700 m 
mula 
Free-ene function,> CF Hj)/T, iu al/deg mo 
. i. — & » Pent 
-Heptene CrHu 0 -76. 60) —76. 76) —B84.¢ 91.7) 98.3) —104. ¢ .P 
1-Octene Caw 0 | —82 3 —82.544 —91.5 —99.6| —107 —314.4 ns b 
l-Nonene CoHis 0 | —88 —88. 3 — 8 —107. 5) —116.0) —124 Mett 
l- Decene C eH ae 0 —¥5. 3 ~94. 00; —105. 2) —1 —124.9) —133.9 3 M t} 
-Undecene Cus 0 99. 60) —99. 86) —112.1) —123.2 3.7] —143.¢ Met! 
j | | 
1- Dodecene Cun 0 05 }— 105. 64; —118 —13 —142. 5) - { 
l-lridecene CigHos | ( 11). 1 -~111. 41 125. ® ( i; — } 
1-‘Tetradecene CyuHes 0 116. 85}—117. 19} —132 1.‘ = 2) —172 
Pentadecene CiysHa 0 22. 60) — 122. 96; —139 1.8 69 — 182. 
l-Hexadecene Ciel: { 128 —128. 74, —146.4| —162.7| —177.9) —192.4 
| ( 
Heptadecene CuHu v0 4.1 134 - 2} —170 — 186.8) —202 2 
1-Octadecene CisHas 0 — 130.8 140. 2 A -178. 4 1D. 2 
1l-Nona 1e Criss 0 — 145. 60} — 146. OF — 167.0) —I18 — 24. 5) —221.7 
1-Eicosene CyrHe 0 l 151.84) —.73.8| —194.2) —213 3] — 231.4 
a per CH; 0 5.750] —5.775| —6.8 7.89] —8.85| —9.7 Pent 
2-P 
tea 4 4 : zm Met 
Temperature * in ° K Met 
oa is Mot 
Compound (gas For- | 900 1,000 | 1,100 | 1,200 | 1,300 ,400 
mula 
’ fou 
Free-energy function,® (F° —H})/7', in cal/deg mol et 
. } 
Heptene C;Hu - $ | —121.7 127.0 2.0} - 6.8 41.4 
Octene CgHys | —127.7 -134.0 | —140 5.7 | —151.2 | —15¢ 
Nonene CoHis | —139.2 14 — 153. ¢ 159.5 | —165.7 | - 7 
Decene CrwH —150.7 158. 5 166. 0 ~173.2 | —180.2 ~ 186. 8 
1-Undecene CiHes | —162. 1 70.8 | —179.1 | —187.4 194.6 | —202.0| —2 
Dodecene CisHos | —173. 83.0 —200.8 | —209.1 | —217.1 
rridecene CisHag | —185. = bi - 214 - f 232. 2 2 
letradecent CiuHos M 207. ¢ 8.2 28 8.1 | —247.4 
| 
Pentadecene ( sHy US. U «iv. 5 é 242.1 é | 2t 
l-Hexadecene C yeHaa 219.4 a2 244. 2 2 s é yi —2 7 
Heptadecene Cyril ZH 44 7 269. € —281.5 — 292.5 
Octadecent C igHy 2 Yi - ) — OR 95.9 — 307.9 
1-Nonadecene C ieHas 953. 8 68.9 83 0.4 2 
E icosene CyeH 2t 281.1 yal 8 1.9 8.2 | 
| 
a per CH 1 2. 2 3.03 | —13. 71 1. 47 1 





ee footnote “ta” of table 3 

» free-energy function, (F° —H})/T’, is the free energy at the given temperature less the heat conté 

)»° K, divided by the absolute temperature (° K), of the given hydrocarbon in the thermodynamic stand 
ard gaseous state of unit fugacity (1 atmosphere 
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sLE 9.—Values * of the entropy, S°, for the six pentenes, for the ideal gaseous 
state, to 1,500° K 


Temperature * in ° K 


mpound (gas bo 0 208.16 300 400 500 600 700 800 
Entropy,» S®, in cal/deg mole 
Pentene CsHw 0 83.08 | 83. 25 92.13 | 100.41 | 108.21 | 115. 53 |122. 42 
2-Pentene CsHie 0 82.76 | 82.89 | 90.97 | 98.68 | 106.11 | 113.21 |119. 90 
rans-2-Pentene CsH; 0 81.81 81. 97 90. 67 98.77 | 106.45 | 113.68 (120. 51 
Methyl-1-butene C;H, 0 81. 73 81. 88 90. 61 98.76 | 106.49 | 113.77 |120. 61 
Methyl-1-butene CsHio 0 79. 70 79. 86 88. 94 97.54 | 105.48 | 112.87 |119.79 
2-Methyl-2-butene C;H 0} 80.90 | 81.06} 89.39 97.18 | 104.65 | 111.75 |118. 46 
Temperature * in ° K 
Compound (gas I nla 900 1,000 1,100 1,200 ,300 1,400 1,500 
Entropy,> S°, in cal/deg mole 
Pentene C;sH 128.90 | 135.03 140.82 | 146.30 | 151. 50 156.46 | 161. 20 
2-Pentene C;H 126.27 | 132.32 | 138.04 | 143.46 | 148.64 | 153.56 | 158. 29 
rans-2-Pentene CsH 126. 93 | 133.03 138.79 | 144.26 | 149.45 | 154.39 | 159. 11 
2-Methyl-l-butene CsHye 27.07 | 133.19 | 138.99 | 144.45 | 149.66 | 154.62 | 159. 35 
Methyl-1-butene C;H 126.31 | 132.45 | 138.27 | 143.76 | 148.99 | 153.95 | 158.70 | 
2-Methy]-2-butene C,H 124.80 | 130.82 | 136.54 | 141.97 | 147.14 | 152.05 | 156. 76 


*See footnote ‘‘a’”’ of table 3. 
the entropy (exclusive of nuclear spin) of the given hydrocarbon in the thermodynamic standard 
state of unit fugacity (1 atmosphere) at the temperature indicated. 
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TABLE 10.—Values * of the entropy, S°, for the 17 hexenes, for the ideal gase 
state, to "th, 500° K 


Temperature * in ° K 


For- 












Compound (gas) mule 0 298.16 300 400 500 600 | 700 
i —— oe ae Eg ORO ge a 
j | Entropy », S°, in cal/deg mole 
1-Hexene | CHu | 0 92.25| 92.44 | 103.2] 113.2] 1226] 131.4 
cis-2-Hexene | CoH | 0 92.35 | 92.53) 102.5 112.0; 121.1 129. 7 
trans-2-Hexene CsHn | 0 | 91.40] 91.60) 1022] 1121] 121.4] 130. 
cis-3-Hexene | CoH 0 | 90.73 | 91.78 100.7 | 110.6 | 119.2; 126.5 
trans-3-Hexene | CeHy | 0 | 90.04 90. 23 100. 9 | 110.8 120. 1 129. 
| ' | 
2-Methy!]-1-pentene | CsHy 0 |} 91.32 91. 51 102. 1 112.1; 121.4 130. 
3-Methyl-1-pentene + CoH | 0 | 90.45} 90.65/ 101.6/ 112.0] 121.5 130. 
4-Methyl-l-pentene...| CsgHi; | 0 89. 58 89. 77 100.5 | 110.51 120.0 128 
2-Methyl-2-pe ntene CeHn | 0 90. 45 90.62 | 100.6 110.1 119.2 | 127 
cis-3-Methyl-2 2-pen- | | | | | 
tene -----| CsHy 0 | 90.45 90. 62 | 100. 6; 110.1] 119.2 127 
trans-3-Methy]l-2-pen- | | | 
A, ne CoH 0 | 91. 26 91. 43 101.4 110.9 | 120.0 | 128 
-4-Methy] - 2-pen- | | 
“tene CHu| 0 89.23| 89.41] 99.8) 109.7] 119.0] 127 
trans-4- Methyl- 2-pe n- | 
tene : CoH 0 | 8802] 8821] 991] 109.2 | 118.7] 127 
2-Etl 1yl-1- butene | CoH 0 | 90.01) 90.18} 1007] 110.5] 119.9] 128 
+- Dimethyt-1 -bu- | | | | 
‘tene ...----| CoH | © | 87.30] 87.58] 986] 108.9| 118.6) 127 
| | 
3- Dimethyl -1-bu- | 
tene | CeHy 0 83.79 | 83.94 04.7 104. 6 114.1} 123 
3- Dit methyl - - bu- | 
tene : ChsHy» 0 86. 67 86. 84 96.8 106. 2 115.2 123.7 
Temperature * in ° K 
Compound (gas) a 900 1,000 1,100 1,200 1,300 1,400 
Entropy,> S°, in cal/deg mole 
| 
1-Hexene . ~ .-..| CeaHays 147. 6 155. 0 161.9 168.6 | 174.9 180. 9 
cis-2-Hexene ‘ -_ CsHy } 145.5 152. 9 . | a | 
trane-2-Hexene : | CsHy 146.2 153.6 | 
cis-3-Hexene i. CsHy 143.7 151.0 | 
trans-3-Hexene.___. ..| CoH: 145.1} 152.5 | | | 
2-Methyl-1-pentene ‘ CsHis 146.4 153. 8 | on | ‘ 
| | 
3-Methyl-1-pentene_. ; | CoH 146.8 | 154.2 | | | ‘ 
4-Met! tyl-1- pentene CeaHyw | 145.2 152. 6 
2-Methyl-2 -pentene ..| CoHfig | 143.6] 151.0] --... | 2... 
cis-3- Methyl-2 -pentene . CsHy 143.6 151.0 | 
trans-3- Methyl-2-pentene. . ..| CsHi | 144.5 |} 151.8 
cis-4- Methy]-2-pentene ..| CoHw | 143.7] 1510 
trans-4-Methyl-2-pentene._...| CesHia | 143.6 | 151.0 
2-Ethyl]-1-butene CsHyw | 144.8] 152.2) 
2,3- Dimethy]-1-butene CsHia 143.7 151.1 . 





3,3-Dimethy]-1-butene 
2,3-Dimethy]-2-butene 


CeHia 139.5} 147.0}  .... 
CsHyv 139. 4 146.7 ‘ 








* See footnote “‘a”’ of table 3. 
> S° is the entropy (exclusive of nuclear spin) of the given hydrocarbon in the thermod namic standard 
gaseous state of unit fugacity (1 atmosphere) at the temperature indicated, 
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TapLE 11.—Values * of the entropy, S°, for the higher 1-alkenes for the ideal gaseous 
state, to 1,500° K 


Temperature * in ° K 


For- . ‘ 7 
ympound (gas) ) 298. 300 We 5 OK ‘ 
mpound (gas mula { 8. 16 30 400 500 600 00 800 
Entropy, S°, in cal/deg mole 
|-Heptene - C:Hu 0 101.43 (101. 67 114.3 126.0 137.0 147.4 |157.2 
-Octene CsHis 0 (110.61 (110.89 125. 3 138.8 151.4 | 163.4 1174.6 
-Nonene CeHis 0 |119.79 (120.11 136. 4 151.6 165.9 | 179.3 |192.0 
|-Decene CoH 0 |128.97 (129.33 147.5 164. 4 180.3 | 195.3 |209.4 
|-Undecene CuHa 0 (138.15 /|138. 55 158. 6 177.2 194.7 211.3 |226.8 
| | 
Dodecene CuHa | 0 |147.33 [147.77 169. 6 190. 0 209. 2 227.2 244.2 
ridecene CH O |156.51 |156.99 | 180.7 202. 8 223. 6 243.2 /|261.6 
-Tetradecene CisHas 0 |165.69 |166. 21 191.8 215. 6 238. 0 59.2 (279.0 
-Pentadecene CisHoe 0 |174.87 [175.43 | 202.9 | 228.4 252. 5 275.2 (296.4 
-Hexadecene CisHaa O |184.05 /184.65 | 213.9 | 241.2 | 266.9 | 291.1 (313.8 
| | i 
l-Heptadecene CyuHu 0 }193. 23 19s 87 | 225.0 254. 0 231.3 307.1 331, 2 
-Octadecene CisHx Q |202.41 {203.09 236. 1 266. 8 295. 7 323.1 48.6 
-Nonadecene C yHas 0 1211.59 {212.31 47.2 279. 6 310. 2 339.0 66.0 
-Eicosene CoH 0 [220.77 }221 53 258. 2 292. 4 324. 6 355. 0 383. 4 
4 per CHa ’ 0 | 0180 | 9. 220 11. 08 12. 80 14. 43 15.97 | 17.40 
| ma 4 a ot ; H oa 
Temperature* in® K 
Compound (gas E - 900 1,000 1,100 1,200 1,300 1,400 1,500 
mula 
Entropy,» S°, in cal/deg mole 
Heptene C:Hu | 166.3 175. 0 183. 2 191.0 198. 3 205. 3 212.0 
ctene CsHe 185. 1 195. 1 204. 5 213.4 221.8 229. 8 237.4 
Nonene CoHis 203. 8 215. 1 225. 7 235. 7 245. 3 254. 3 262. 9 
cene CywH 22 6 235. 1 47.0 258. 1 268. 7 278.8 me 3 
lecene CuH 241.3 255. 2 268. 2 280. 5 292. 2 303. 3 313. 7 
| } 
»>decene ( Ho | 260.1 275. 2 89 02.9 | 315.7 7.8 9. 2 
ridecene CisHes | 278.9 95. 3 310.7 | 25.3 | 339.2 52.3 164. 6 
retradecens CyHeos | 297.6 3 20 | 347.6 | 362.6 376.8 390. 0 
entadecene CisHw | 316.4 | 1.3 3.2 | 370.0 86. 1 401.3 415.5 
l-Hexadecene CywH» | 335. 1 55. 4 | 574. 5 | 02.4 109. 6 425.8 440.9 
Heptadecene CyrHu 53.9 75.4 395. 7 414.8 433.0 150. 2 166.3 
ctadecene CisHs 2.6 395.5 | 417.0 437.2 156. 5 174.7 491.7 
Nonadecene Has 91.4 415.5 | 438.2 459. 5 480. 0 199. 2 517.2 
ene CooHy, $10.1 $35.5 | 459.5 451.9 +! 4 23.7 542.6 
' 
Sf ee Se oe | 18.76 | 20.04] 21.25] 22.38] 23.47] 24.49] 25.43 | 
| 











otnote ‘‘a’’ of table 3 
the entropy (exclusiv iuclear spin) of the given hydrocarbon in the thermodynamic standard 
tate of unit fugacity (1 atmosphere) at the temperature indicated. 
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Values * of the heat content, (H°—H)), for the siz penienes, for the 





TABLE 12.- TABLI 
gaseous state, to 1,500°K. — 
| ! 
Temperature* in ° K 
4 = — 
Compound (gas) | For- 0 298. 16 300 400 500 600 700 Ry 
“ mula ea ( 
Heat content,» (H H§), in cal/mole 
i-Pentene CsHw 0 5358 5406 8500 12230 16520 21280 2644 
is-2-Pentene CsHw 0 4845 4887 7696 11190 15280 19890 2491 
trans-2-Pentene CsHiw 0 5149 5196 8216 11880 16110 | 20800 | 25910 
2-Methy!l-1-butene CsHw 0 5000 5046 8080 11770 16010 20740 25870 
3- Methyl-1-butene CsH 0 5137 5187 8380 12210 16570 | 21370 26560 
2- Methy]-2-butene CsHw 0 4884 4929 7820 11350 15460 20060 25100 
Temperature* in ° K M 
— - ———— a M 
Cc . , For- ‘ ' " 2 
ompound (gas) mule 900 1, 000 1, 100 1, 200 1, 300 1, 400 1, 50 
Heat contact,» (J7°—H}), in cal/mole — 
1-Pentene CsHy | 31930 37740 | 43820 | 50140 56670 63360 | 7022 : 
cis-2-Pentene CsHyw | 30310 | 36050 | 42040 | 48290 | 54760 | 61400 | 6822 ts 
trans-2-Pentene CsHy | 31370 | 37160 | 43210 | 49490 | 55980 | 62650 | 69500 . 
2-Methyl-1-butene CsHy | 31350 37150 43230 49520 56040 | 62750 6959 : 
-Methyl-1-butene CyHy | 32090 37940 44040 50390 56930 | 63620 | 70460 
2-Methyl-2-butene | CyHy | 30480 36200 42200 48440 54900 61540 68360 ; 
* See footnote “‘a” of table 3. 
rhe heat-content function, (-7°—H})/T, is the heat content at the given temperature less the heat cor 
tent at O° K, divided by the absolute temperature (° K) of the given hydrocarbon in the thermodynami 
standard gaseous state of unit fugacity (1 atmosphere). 
MM 
+7 
4 M 
2-M 





























Values* of the heat content (H° — Ho), 
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div 


for the 17 hexenes, for the tdeal 
K 











gaseous state, to 1,500 
Temperature* in ° K 
| 
For | 
mul 0 298.16 300 400 500 600 700 800 «(| 
Heat content, (H°—H in ¢ mole 
ii eee oe 
x CH 0 64288 | 10180 | 14680 | 19900 31200 
s-2-Llexene CoH 0 6033 9510 13800 18800 30500 | 
s-2- Hexene CsH 0 6339 10030 14480 19600 31500 | 
-Hexene CeHis 0 ARs 9220 13490 18500 200 
}- Hexene CoH: 0 6171 gs60 14360 19500 SLE 
-Methyl-l-pentene CsHw 0 6133 6189 980 14360 19500 1500 | 
feth yl-l-pentne C.H 0 6002 6Dt 9010 14530 19800 00 
thyl-l-penten¢ CeH 0 5R53 F910 9620 14160 19400 (4) 
Metbyl-2-pentene Ceo 0 5680 733 9210 13500 18500 0200 | 
-Methyl-2-pen- 
ie C.aH 0 5680 Th: 9210 13500 18500 24100 30200 
-3- Methyl-2-pen- 
n¢ CeHu 0 5680 5733 9210 13500 18500 24100 02% 
Methy!-2-pen- 
n¢ CsHy 0 5817 5874 9510 13950 19050 24700 30900 
trans-4- Methyl-2-pen- 
f CesHi 0 6062 6120 9910 14460 19700 25400 1606 
Ethyl-1-butene CsHys 0 5907 5961 9610 14070 19200 24900 1100 
Dimethyl-1- 
butene CsHw 0 5972 6030 9890 14520 19800 25600 1900 
-Dimethyl-l- | 
itene CeHy 0 5579 5625 9300 13790 19000 2400 1300 | 
-Dimethyl-2- 
el Cow 0 5698 5748 9210 13450 18400 23900 | 30000 
Temperature* in ° K 
For- i om - nee . 
Compound (gas mula 900 1,000 1,100 1,200 1,300 1,400 1,500 
Heat content, (77 HT} n cal/mol 
exene Ceo 38500 45500 00 60500 68300 76400 | 847000 
Hexene CsHy 7000 44000 
ns-2-Hexene CeHy 38100 45100 
*-3- Hexen CoH 36700 43700 
1s-3-Hexene CeHiaa 38100 45100 
2-Methyl-1-pentene CoHis | 38100 | 45100 
Methyl-1-pentene CesHw 38600 45700 
i-Methyl-1-pentene CeH 38100 45200 
2-Methyl-2-penten¢ Cav 36700 43700 
Methyl-2-penten¢ CoH 36700 43700 
trans-3-M eth yl-2-pentene C.H 36700 43700 
-4- Methyl-2-pente! CeHi 37500 44500 
s-4-Methy]l-2-pentent CsHis 38300 45300 } 
hyl-1-butene CsHu 37800 44800 | 
| 
Dimethyl-1-butene CoH 38500 45600 
limethyl-1-but CrHw 38000 45100 
ethyl-2-t CeHis 6500 43400 
note " ftable 3 
Hi) is the heat content at the given temperature less the heat content at O°K of the given hydro- 
n the thern namic star d gaseous state of unit fugacity (1 atmosphere 
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TABLE 14.—Values* of the heat content (H°—H)), for the higher 1-alkenes, for 
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the ideal gaseous state, to 1,500° K 


For- 


Cor (gas) 
ympound (gas mula 


| | 


1-Heptene_-_....... 

S|, ae CsHs 
l-Nomeme........... CoH is 
1-Decene........... CyH: 
1-Undecane._...... Cun 


1- Dodecene ( 
1-Tridecene . ( 
1-Tetradecene....__. CyHos 
1-Pentadecene ( 
1-Hexadecene 


1-Heptadecene.._. ( 

1-Octadecene = i 

1- Nonadecene cecce Cc oH 5 
( 


1-Eicosene 


A per CH: 


Compound (gas) 


1-Heptene_... 
1-Octene... 
1-Nonene.. 
1-Decene ‘ - 
1-Undecene....... 


1-Dodecene..... 
1-Tridecene. 
1-Tetradecene 
1-Pentadecene....._. 
1-Hexadecene....._.- 


1-Heptadecene............... 
1-Octadecene . 
1-Nonadecene...... 
1-Eicosene.. 


SOT Gaissedadeniiacssvtinnns 


* See footnote “‘a”’ of table 3. 


> (H°— H}) is the heat content at the given temperature less the heat content at O°K of the given by 


0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
For- 
mula 
C;Hu 
CsH is 
CoH 
CyH:e 
CyHa 
| CisHa | 
Cues 
CuHas | 
CyHw» 
CywHs 
CrHu 
CyrHs 
CywHas 
CnHuw 


Temperature®* in ° K 
| 400 
| 


298.16 | 300 500 600 700 


Heat content,> (H°— H), in cal/mole 








7403 7473 11860 17140 23220 | 30000 
8426 8508 13550 19600 26570 | 34300 
9449 9540 15230 22060 29920 38700 
10471 10575 16920 24520 33270 43000 
11494 11607 18600 26970 36620 | 47400 
5 12642 | 20280 29430 39980 51700 
3% 13674 21970 31890 43330 56100 
14562 14709 23650 34350 | 46680 | 60400 
15585 | 15741 | 25340 | 36800 | 50030 | 64800 
16608 16776 | 27020 39260 53380 -| 69100 
| 
17630 | 17808 | 28700 | 41720 | 56730] 73500 
18653 18843 30390 44180 60080 | 77800 
19676 19875 32070 46630 63430 | 82200 
20698 | 20910 33760 49090 | 66780 86500 
| | i 
1022.7 | 1033.5] 1684] 2458| 3351 | 4350 
| | 
Temperature in ° K 
900 1,000 1,100 1,200 1,300 1,400 
Heat content,> (#7°— H#), in cal/mole 
45000 53300 61900 70800 80000 89500 
51600 61100 70900 81200 91700 | 102600 
58200 68800 80000 91500 | 103400 | 115700 
64700 | 76600 | 89000 | 101800 | 115100 | 128800 | 
71300 84400 98000 | 112200 | 126800 141900 
77900 | 92200 | 107100 | 122500 138500 | 155000 
84400 | 100000 | 116100 | 132900 | 150200 | 168100 
91000 | 107700 | 125200 | 143200 | 161900 | 181100 
97600 | 115500 | 134200 53600 | 173600 | 194200 | : 
104100 | 123300 | 143300 | 163900 | 185300 207300 
| | 
110700 | 131100 | 152300 | 174300 19700C | 220400 
117300 | 138900 | 161300 | 184600 | 208700 | 233500 | 
123800 | 146600 | 170400 | 194900 | 220400 | 246600 
130400 | 154400 | 179400 | 205300 | 232100 | 259700 
6570 7780 9040 | 


10340 11700 13090 


carbon in the thermodynamic standard gaseous state of unit fugacity (1 atmosphere). 








- 
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2 15.—Values * of the heat capacity, C$, for the six pentenes, for the ideal 
gaseous state, to 1,500° K 





| 
Temperature * in ° K 
| — aiatamiae SS - - 
| For- 
I (gas | 0 298.16 300 00 500 00 700 800 
Compound (gas) mula 16 301 4 6 0 | i 
Heat capacity,» C$, in cal/deg mole 
|-Pentene CsHw 0 27.39 27. 56 34. 20 40. 25 45. 36 49.72 | 53.48 
2-Pentene.... | CsHiwo 0 24.32 | 24.45 31. 57 38. 05 43. 62 48.25 | 52.29 
s-2-Pentene CsHie 0 26. 80 26.92 | 33.57 | 39.57 44.70 49.14 | 52.98 
2-Methyl-1-butene CsH x 0 26. 69 26. 82 33. 71 39. 81 44.97 49.40 | 53.23 
Methyl-1-butene CsHw 0 28. 35 28. 47 35. 26 40. 97 45. 90 50.15 | 53.85 
9-Methyl-2-butene CsHw 0 25. 49 25. 62 32. 22 38. 33 43. 64 48.23 | 52.22 
] 
Temperature * in ° K 
M yl ~ ] | - 
Compound (gas a ia 900 1,000 1,100 1,200 1,300 1,400 | 1,500 
MUL ' 
Heat capacity, C$, in cal/deg mole 
Sea : FET BERS GATT YA: ewe pee Go 
1-Pentene CsHy 56.76 | 59.61 62.08 | 64.26 | 66.13 | 67.78 69.18 
is-2-Pentane C 58. 78 61. 38 63. 66 65.61 | 67.32 68. 81 
trans-2-Pentene C | 59.23 61. 75 63. 96 | 65, 87 67. 54 68. 98 
2-Methyl-1-butene Cs 59. 44 61.93 | 64.13 | 66.02] 67.68} 69.12 
Methyl-1-butene Cc 59.83 | 62.28 | 64.42] 66.28 | 67.89) 69.32 
2-Methyl-2-butene ( | 58.68 | 61.28) 63.56) 65.52) 67.23) 68.71 
| | 





e footnote ‘‘a”’ of table 3. 
is the heat capacity at constant pressure of the given hydrocarbon in the thermodynamic standard 


1s state of unit fugacity (1 atmosphere) at the temperature indicated. 
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TABLE 16.— Values * of the heat capacity, C,, for the 17 hexenes, for the ideal ¢ TABLE 
staie, to 1,500° K 


Temperature *in° K 


For- 0 208.16 300 400 500 ir 


Compound (gas 
“ 1 (ga mula 


Heat capacity,» ¢ . in cal/deg mole 











p 
l-Hexene CeHia 0 3. O8 33. 30 41.3 4s 1.8 1 
cis-2-Hexene CoH ( ). 36 30. 56 38.8 46.6 53 2 
trans-2-Hexene Celli: ( 2. 84 33. 03 40.8 48.1 1.2 ’ ; 
1s-3-Hexene Cehins { 29. 55 29. 71 a8. 5 4 53, 2 58. 7 
trans-3-Hexene CeHis 0 32. 63 32. 78 41.1 18. 4 54. ( 1.8 
2-Methyl-l-pentene CraHn 0 32. 73 41.0 48.3 4 59.8 
Met -1-pe ene CsH { s4. 04 42 $0.6 t 7 
4-M l-pe CeHia 0 32. 61 I 18 2 f 
2-M }-2-pentene Celiy f 0. 2 39.0 46. ¢ 2 S 
i Vieth vl-2-pentene CeHis ( 2 9. 0 465. 2 
tra -Methyl-2-pen- 
tem CoH 0 ), 2 42 39. 0 16.6 53. 2 58.6 f 
cis-4-Methyl-2-pentene| CsHy 0 31. 92 2. 07 40. 5 47.8 54.1 59. 4 
trans-4-Methy]-2-pen- 
tene ( Ii: ( gO 3. O4 41.9 8.8 18 
2-Ethyl-1-butene CeHy 0 31. 92 32, 08 10.7 18.2 54.5 8 
2, }Dimethyl-l-bu- 
tene Coy 0 34. 29 34. 44 42. ( 49.5 55, 4 
3s, }Dimethyl-l-bu- 
tene Cay 0 31. 72 31. 87 40. € iS 4 a5 0 a ¢ 
2 imethyl-2-bu- 
‘ CsHu ). 48 ) 63 s { 2.5 et 
¢ pera re *® 
r oy ley 1°? 
( ind (ga I mn 1,000 l - i,4 
mula ‘ 
Heat capa I 
Hex CsHw OR. 72.0 74.9 7 79.8 R18 Aas 
s-2-tlexene CoHly 67.¢ 71.2 Hoy 
t Hexene CoH 68. 1 71 
exen¢ CoH 67. 71.2 lep 
tra - Hexene Cs 68. 3 71.8 et 
2-M er ne Cc ) is. 4 71.8 
- Me CeHis 69.0 72.3 
+M CsaHy 68.9 2.3 
2-Met CeHiz| 67.5 1.1 
M CeHy 67 1.1 
tra ‘ CoH: 67 71.1 
is-4-M CeH 68 71.5 ‘ 
trans-4 ne Cel 8.4 71.8 
Et r Celis 6s. 4 71.9 
2,3-D l-butene CoH 2 68.8 72.2 
imethyl-1l-buten¢e CoH 69. 2 72.7 
2 pire 2-butem Celis 7.0 70.7 
* See footnote ‘‘a’’ of table 3 
if > is the heat capacity at constant pressure of the »n hydrocarbon in the thermodynami 


sSeous state of unit fugacity (1 atmosphere) at the temperature indicated. 
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ue 17.—Values* of the heat capacity, C,, for the higher 1-alkenes for the ideal 
gaseous state, to 1,500° K 

















| 

' 

lemperature *in® K | 

' 

} 

For- 

und as . : 228. 1 300 400) 500 600 700 SOK } 

H ( ty C;, in ca leg mok 

tene CrHis 0 | 38.84 39. 11 48.4 57.1 | 64.3 | 70.5 75.8 | 

‘ Cele 0 | 44.60 44. 92 55.6 | 65.5 73.8 | 80.8 86.9 | 

ne CoHis 0 | 50.36 | 50.73 | 627 | 74.0 | 833 | 91.2 | 98.0 

en CoH 0 | 56.12 | 56.54 | 69.8 82.4 | 92.7 | 101.6 |109.2 | 

r CyuH 0 | 61.88 62. 35 77.0 90. 9 102. 2 111.9 [120 | 
( Crna 0 | 67.64 68. 16 84.1 99. 3 111.7 122.3 131.5 
ene CyuH { $ 7 7 91.2 107.7 121.1 132.7 142.6 

iecen CuH ( 79.16 | 79.78 98. 4 116. 2 130. 6 143.0 |153.7 

lecene ( Hs 0 84. YZ 85, OY It 5 124. 6 140. 1 153. 4 164. 9 | 
cen Cu 00. 68 91. 40 112. 6 133. 0 149.5 163.8 (176.0 
weco! ( H { 96. 44 97.2 119.8 141.5 159.0 174. 1 187.2 

decene ( " 0 (102. 20 103. 02 126.9 149.9 168. 5 184. 5 198 

decene ( I 0 |107. 96 108, 83 4.0 158.3 177.9 194.9 "V9. 4 
ne CoH 0 113.72 (114.64 141.2 166. 8 187.4 005.2 (220.6 
CH ( 5. 760 5. 810 7.13 8. 44 9. 47 10. 37 11.14 

i perature * in } | 

l as 4 WM 1, 000 1, 100 1, 200 1, 300 1, 400 1, & 

I ia | 

—_ - i 

Heat capacity, > ¢ cal/deg 1 e 

| | 

C;Hu | 80.4 84.4 87.8 93.5 | 97.7 | 

C3H 92. 1 96. 7 100. 7 107.1 } 111.9 | 
ne CoHis | 103.9 | 109.1 | 113.5 120.8 | | 126.2 

ne CyHoo | 115.7 | 121.5 | 126.4 134.5 | 140.4 | 

cene Cul 127.5 | 133.8 | 139.2 148, 2 154.7 
ene ( Hy. 139.3 146. 2 152.1 157 161.8 l 7 168. 9 
lecene Hiss 151 158. 6 165. ( 170. € 17 179. 7 183. 2 
adecens ( H os 162.9 170.9 177.8 183.9 189. 2 3.7 197.4 
ntadecene ( 74.7 Ls | 190. 7 197.2 202. 5 207. 7 211.7 
Hexadecene ( 86. 5 95.7 203 210. 5 216. 5 7 225. 9 
H 198. 3 208. 1 216.4 223. 7 z 2 ys 7 240. 2 
akisg 210.0 220.4 229. 3 23/.0 244. € é 4 
( H 271.8 232.8 242.1 50. 3 263. ¢ 268. 7 
r ( ri 233. 6 245. 2 255. 0 263. 6 277. ¢ 282. 9 
CH 11.79 | 12.37) 12.86) 13.29 13.99 | 14.25 


tnote “‘a’”’ of table 3 
] 


heat capacity at constant pressure of the given hydrocarbon in the thermodynamic standard 


tate of unit fugacity (1 atmospher: 











580 Journal of Research of the National Bureau of Standards 












































TaBLe 18.—Values * of the heat of formation, AHf°, for the siz monoolefins, (, ; on 
C,, for the ideal gaseous state, to 1,500° K 
Temperature *in° K 
| ; For- | j — | | - ~] 
| Compound (gas) | OO | 298.16 300 | 400 | 500 600 | 700 | s& 
| mula | | | | | Con 
~ Heat of formation *, AHf*, in kcal/mole 
—— —— 
Ethene (ethylene) - . . Cialis 14. 522 | 12.496 | 12.482 | 11.766 | 11.138 | 10.600 | 10.142 | 9. 7% 
| } | 
Propene (propylene)..| CsHs | 8.468 | 4.879/ 4.858 | 3.758] 2.793| 1.98 | 1.30 | on as 
i 1-2 0 
1-Butene | Cis | 5.158 | 0.280 | 0.254 |—1.000 |—2.215 |—3.14 |—-3.88 |-4 4 trans~ 
cis-2-Butene CiHs | 3.704 |—1.362 |—1.393 |—2.996 |—4.369 |—5.51 |—6.44 7.17 oe 
trans-2-Butene C.Hs 2. 506 |—2.405 |—2. 432 |—3.846 |—5.074 |—6.11 |—6.95 |—7. 49 frans~ 
2-Methylpropene (iso- ’ P 
| butene) .-----| CsHe | 1.676 |—3.343 |—3.370 |—4.736 |—5.911 |-6.88 |—7.69 |-8 to 
se ——— 4+-Met 
Temperature * in °K Met 
peeens Peete & pal BEREG Pax: — 
Compound (gas) For- 900 | 1,000 | 2,300 | 1,200 | 2,300 | 3 x 1,5 
ompoun gas mula | ss i Li | oa , s0C , 400 1 trar a 
| Heat of formation, ® AHf°, in kcal mole 18-4- 
———e — - = — — = — _— tene 
| } e-4 
Ethene (ethylene) .-....- | CoH | 9.448] 9.205] 9.02 8.88 | 8.76 8. 67 8 tene 
Eth 
Propene (propylene) | CsHe | 0.34 | 0.03 |—0.18 |—0.32 |—0.42 |—0. 47 —0. 48 23-Di 
| | | | ” 
1-Butene ; CiHs |—4.89 [—5.17 |—5.34 |—5.40 |—5.42 |—5.37 5m Di 
ris-2-Butene C.Hs |-7.74 —8.14 |—8.40 |—8.55 |—8. 64 8. 66 8. AD 3- Di 
trans-2-Butene Cys |—8.12 8.46 |—8.69 |—8.81 [—8.87 |—8. 87 —8, 82 7 
2-Methylpropene (isobutene CiHs |-—8.79 |-—9.12 -9.31 |—9. 40 44 |-—9.42 
| | 
* See footnote “‘a”’ in table 3. 
> AHf° represents the increment in heat content for the reaction of forming the given compound 
gaseous state from the elements carbon (solid, graphite) and hydrogen (gaseous), with all the reactant | 
products in their appropriate standard reference state at the temperature indicated. 
TABLE 19.—Values * of the heat of formation, AHf°, for the six pentenes, fo 
ideal gaseous state, to 1,500°K 
|-Hex 
= a = ,T ' ° re ¥ . — 3-2-} 
Temperature * in ° K — 
Ci8-s- 
— For- ee) Be ee ee ess trans 
on een mula 0 298. 16 300 400 | SOO | 600 | 700 BOK . 
| | 2 Met 
| ——_-— —__—___—___—_- ————____——_- Met 
Heat of formation,» 4 Hf°, in kcal/mole Met 
ee) eo TT ay a a So oe = —s —— =r) 2-Met 
1-Pentene..........-. CsHyw |+1.019 | —5.000 | —5.034 | —6.65 | —8.01 —9.10 | —9.97 |—10.% is-3-) 
cis-2-Pentene.._..-. C;Hyw |—0.178 | —6.710 | —6.750 | —8.65 |—10. 24 |—11. 53 |—12.56 |—1 
trans-2-Pentene__...| CsHy |—1. 362 | —7. 500 | —7.625 | —9.31 |—10.73 |—11.89 |—12.83 |—1 trans-: 
2-Methyl-1-butene..| CsHy |—2.303 | —8.680 | —8.716 |—10.39 |—11.79 |—12.92 |—13.38 |—14 8-4-, 
3-Methyl-1-butene_..| CsHio |—0.681 | —6. 920 | —6.952 | —8.47 | —9.72 |—10.75 |—11. 58 |—12. 2 trans- 
2-Methyl-2-butene_.| CsHye |—3. 677 |—10.170 |—10. 207 |—12.03 |—13. 58 |—14. 85 ro 88 |—16. 68 «t > 
j | | | 2.3-Di 
- i 
Temperature * in ° K 2 Di 
* Co ae | | : 
Compound (gas) ria | 900 | 2,000 | 1,100 | 1,200 | 1,300 | 1,400 | 1,50 Pure 
= U . AHf?® | 
Heat of formation,» AHf°, in kcal/mole oe “ 
aw CsHw |—11.14 |—11. 44 }—11.60 |—11.63 |—11.58 |—11.47 |—11.31 
cis-2-Pentene ocinaddiaine ...--| CsHyo |—13.95 |—14.33 |—14. 58 |—14. 67 |—14. 69 |—14. 63 | —14. 5 
trans-2-Pentene........-. _...-.| CsHyw |—14.08 |—14. 40 |—14. 59 |—14. 66 |—14.65 |—14. 56 |—14.4 
| 2Methyl-l-butene............ CsHy |—15. 04 |—15. 36 }—15. 51 |—15. 56 |—15. 53 |—15. 41 |—15 2b 
| 3-Methyl-1-butene...........- CsHy |—12.67 |—12.94 |—13.08 |—13.08 |—13.02 |—12.92 |—12.7 
| 2Methyl-2-butene......... .--| CsHy |—17. 28 |—17.68 |—17.92 |—18.02 |—18.04 |—17. 98 |—17. 8 
| | | 





® See footnote ‘‘a” of table 3. 

> AHf° represents the increment in heat content for the reaction of forming the given compound 1! 
gaseous state from the elements carbon (solid, graphite) and hydrogen (gaseous), with all the reactants 20° 
products in their appropriate standard reference state at the temperature indicated. 
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ste 20—Values * of the heat of formation,AHf°, for the 17 hexenes, for the ideal 


‘ gaseous state, to 1,500° K 
Temperature* in ° K 
F : a i i 
- Compound (gas) hn a 0 298. 16 300 400 500 600 700 800 
Heat of formation, > AHf°, in kcal/mole | 
. |-Hexene...... ..| CeHis | —2. 69 9.96 |—10. 00 11.9} —13.5| —14.8 | —15.8 |—16.6 
»-2-Hexene . CsHyw 3. 89 11.56 |—11.61 —13.8 | —15.6 | —17.1 —18.2 |—19.1 | 
. trans-2-Hexene- CsH 5.19 12.56 |—12.60 | —14.6 | —16.2 17.5 18.6 |—19.4 | 
s-3-Hexene - . CeHw —3. bt 11. 56 |—11. 61 13.8 | —15.7 | —17.1 -18.3 |—19.2 | 
trans-3- Hexene CoH» —5. 02 12.56 |—12.60 | —14.6 | —16.2 | —17.5 | —18.5 |—19.3 
2 Methyl-l-pentene CoH 6.04 |—13. 56 |—13.60 | —15.6 | —17.2 | —18.5 —19.5 |—20.3 
+ Methy!l-1-pentene CsHy —3.37 |—11.02 |—11.06 | —12.9| —14.3 15.5 16.5 |-17.2 
Methyl-1-pentene CsHyw 3. RE 11.66 |—11. 70 —13.6 —15.2| —16.4 —17.4 |—18. 1 
2-Methyl-2-peptene CsHw 6. 99 14.96 |—15.01 —17.2 19.0 | —20.5 21.6 |—22.5 | 
s-3- Methyl-2-pentene, CeHi: 6.35 |—14. 32 14. 37 -16.5 —18.3 —19.8 21.0 |—21.9 
trans-3- Methyl-2-pen- 
tene CsA 6. 35 14.32 |—14.37 | —16.5 | —18.3 | —19.8 | —21.0 |—21.9 
s-4- Methy]-2-pen- 
tene CeHis | —5. 42 |—13. 26 |—13. 30 15.3 | —17.0 | —18.3 19. 4 20. 2 
trans-4-Methyl-2-pen- 
tene CcHn 6.67 |—14. 26 |—14. 31 16.2 | —17.7 | —19.0 20.0 |—20.8 
2-Ethyl-1-butene CoH 5.17 12. 92 12. OF 15.0 16. 6 17.9 19.0 19.7 
2,3-Dimethyl-l-butene.| CeHia 7.10 14.78 |—14. 82 16.6 | —18.1 | —19.3 | —20.2 1.0 | 
| 
Dimethyl-l-butene.| CsHi2 | —6.18 |—14. 25 |—14.30 | —16.3 | —17.9 | —19.1 20.0 |-20.6 | 
Dimethyl]-2-butene.| CeHi 7.96 |—15. 91 15. OF 18. 1 20. 0 —21.5 —22.8 23.7 | 
> 
remperature* in ° K | 
| 
Compound (gas b. : 100 1,000 1,100 1,200 1,300 1,400 1,500 
He { , tion, > Afif n ke r | 
Hexene C.H 17.1 -17.4 —17.6 —17.6 —17.5 17.3 17,0 
s-2-Hexene CeHy 10 & 20.2 
trans-2-Hexene CeHu 20! —20.4 | 
s-3-Hexene CoH 19.8 | —20.2 
trans-3-Hexene Ca 9.8 20. 2 
2-Methyl-1-pentene CoH 20. { 21.2 
Methyl-1l-pentene CeH 17.7 18. 0 
+-Methyl-1-pentene CsHw 18. ¢ in. 9 
2} Methyl-2-pentene CeH 23. 2 — 25. 
s-3- Methy]-2-pentene CesH 22. 5 22.9 
trans-3- Methyl-2-pentene Cs 22.5 | —22.9 
4-Methyl-2-pentene CeH 20.8 | —21.2 
” trans-4- Methyl -2-pentene CyHy —21.3 21.6 
S 2Ethyl-1-butene CsH 20.3 | —20.¢ 
Dimethyl-1-butene CeH —21.5 21.8 | 
| 
\imethyl-1-butene CsHyw | —21.0 | —21.3 | 
2,3- Dimeth yl-2-butene CeHis -24.4 |) —24.8 


* See footnote ‘“‘a’’ of table 3. 
> AHf° represents the increment in heat content for the reaction of forming the given compound in the 
tate from the elements carbon (solid, graphite) and hydrogen (gaseous), with all the reactants and 

s in their appropriate standard reference state at the temperature indicated. 
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TaBLeE 21.—Values®* of the heat of formation, AHf°, for the higher 1-alkenes. 
the ideal gaseous state, to 1,500° K 


Temperature * in °K 




















For- 
Compound (gas mula 0 298.16 300 400 500 600 700 Comfy 
Heat of formation,>® AHf°, in kcal/mole 
| ene 
Heptene | Cry —6. 37 14.89 |—14, 94 —20.4 —21.6 —22 4 
Octene | CsHy |—10.04 —19.82 |—19. 87 — 26.1 —27.4 on ropem 
-Nonene... ..| CeoHy |—13.71 |—24. 74 |—24. 80 —31.7 | —33.1 | —34.2 
Decene - CywH» —17,39 |—29.67 |—29. 73 —37.4 —32 9 —4 
1-Undecene. .--| CyH93 | —21.06 | —34. 60 | —34. 66 —43.0 | —44.7 | —45.9 
| 
l _-oa-| CigHog | —24. 73 |—39.52 |—30.50 | —43.3 | —46.3 | —48.7| —50.5 | —51.8 
ne ....| CuHas 28.41 |\—44.45 |—44.52 | —48.5 —51.8 | —54.3 | —56.3 =f? 9 
-Tetradecene ..| CrysHas | —232. 08 49.38 |—49. 45 —53.7 —57.2)| —60.0 | —62.0 f 
1-Pentadecene........| CyigHge | —35. 75 | —54. 31 5 $8 | —58.9 | —62.7 | —65.6 | —67.8 | —60.4 
1-Hexadecene _...| CygHgg | —39. 42 59. 23 3] —64.1 —~68.2 | —71.3 | —73.6 | —75.3 
1-Heptadecene ..--| CyrHag | —43. 10 | —64.15 |—64.25 | —69.4 | —73.6 | —76.9 | —79.4) —81.2 ; 
Octadecene.__........| CisHss | —46. 77 69.08 |—69.18 | —74.6 79.1 | —82.6 | —85.1 | —87 Cr 
Nonadecene... CipHas | —50. 44 |—70.00 |—74.11 | —79.8 | —84.6 | —88.2 | —90.9 | —92 
|-Eicosene _.------| CooHae |—54. 12 |—78.93 |—79.04 | —85.0 | —90.0 | —93.9 | —96.7 98 8 
S  ¢: a — 3. 673 4.926 —4. 931 —5.22 | —5.47 | —5.65 | —5.78 7 
rene 
remperature * i K pent 
Bbuten 
r- ».9 
Compound (gas) . al . 900 1,000 1,100 1,200 1,300 1,4 a 
Meth 
Heat wrmati All l ‘ 
‘See footn 
Lleptene CrHu —23. 1 23.4 2 mF 9 —23.0 > ‘a F* rep 
Octene CsHiyg | —29.0 | —29.3 | —29.4 29.3 -29. 1 28.8 84 rom t! 
l-Nonene CoHis | —34.9 85,3 35. 4 2 5.0 | —34.6 | —34 ae OP 
Decene CryHa 40.8 —41.2 41.3 4 40.8 | —40.3 8 9 
l-Undecene Cua | —46.8 47.1 | —47.2 17.0 | —46.¢ 46.1 { Es 
1-Dodecene CiywHs | —52.8 —53. 1 —53. 1 — 52.9 —52. 5 —51.8 _ 2 
1-Tridecene CisHas | —58. € —59.0 | —58.1 8. 8 5a. 3 -57.6 ) 
l-Tetradecene . CyuHa | —64.5 | —65.0 5 —4.7 —64 63.4 62 
l-Pentadecene Ciglls —70 —70.9 —70.5 —9.9 69. 1 —68 
| 1l-Hexadecene_.. CysHyg 76.4 | —76.9 76.4 | —75.8 74.9 74 
omp 
| Heptadecene CyHsa | —82.3 | —82.8 | —82.8 | —82.3 | —81.6 | —80 97 
1-Octadecen CisHas —R88, 3 —88, 7 —88, 7 —8S, 2 —R87.4 —8H. 4 5 
Nonadecene CisHas 04.2 | —94.7 | —94.6 | —94.1 —93.3 —92. 1 -4 
1-Ejcosene CoH, 100. 1 |—100.6 |—100.6 100.0 —99. | —97.9 — 9 
ente! 
A per CH; | 5.93 | —5. 04 —5.93 | —5. 89 5.8 —5, 7 s-2-Per 
| rans-2-} 
2-Methy 


s See footnote “‘a’’ of table 3. 

AH f°? represents the increment in heat content for the reaction of forming the given compound i 
tate from the elements carbon (solid, graphite) and hydrogen (gaseous), with all the reactants and 
products in their appropriate standard reference states at the temperature indicated. 


; 


( 

enter 
-2-Per 
rans-2-f 
2>Methy 
Methy 
Methy 
ee footr 
4Ff° rep 
State fro 
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\sLE 22.—Values* of the free energy of formation, AFf°, for the siz monoolefins, 


C, to Cy, for the ideal gaseous state, to 1,500° K 


| : 


Temperature®* in °K 


For- | 
Compound (gas) | t fz, 298.16 | 300 400 500 600 700 800 
' | | 
| | Free energy of formation,» AFf°, kcal mole 
Ethene (ethylene)....)| CsH« 16. 282 | 16.305 | 17.675 | 19.245 | 20.918 | 22.676 | 24.490 
| 


ropene (propylene)..| CzHs 8.468 | 14.990 | 15.051 | 18.610 


oes 
= 
rs 
eS 


b 
© 
~ 
& 


26. 46 30.59 | 34.81 


| 
| 








Butene...........-- CaHs | 5.158 | 17.217 | 17.320 | 23.205 | 29.430 | 35.85 | 42.41 | 49.05 
-Butene...-.......| CaHs| 3.794 | 16.046 | 16.154 | 22. 232 | 28.730 | 35.46 | 42.37 | 49.39 
rans-2-Butene -.-| CoHs | 2.506 | 15.315 | 15.424 | 21.578 | 28.100 | 34.83 | 41.72 | 48.71 

8 )-Methylpropene (iso- 
77 utene)...............| CdHs| 1.676 | 14.582 | 14.603 | 20.910 | 27.480 | 34.25 | 41.17 | 48.19 


Temperature * in ° K | 


. . For- 
Compound (gas) mula 900 1,000 | 1,100 1,200 1,300 1,400 1,500 
° Free energy of formation,> AFf°, kcal/mole 
thene (ethylene) __. CaHya 26.354, 28.249 30.16 32. 09 34. 03 35. 97 37. 92 
! 
| | 
ropene (propylene) -_. C3He 39.10 | 43.43 47.78 52. 15 56.52 | 60.90 | 65.28 | 
| 
butene 2 . CiHs 55. 78 62. 54 69. 31 76.10 | 82.90 89. 67 96.46 | 
s-2-Butene Ped Cis 56. 50 63. 66 70. 84 78. 06 85. 29 92. 51 99. 74 
trans-2-Butene = CyHs | 55.80) 62.93 70.08 | 77.25 | $4.43 } 91.59 | 98.77 
2Methylpropene (isobutene C 


%Hs | 55.28 | 62.42] 69.58 76.76 | 83.96 | 91.13 | 98.31 | 
| | | 

‘See footnote “‘a’”’ in table 3. } 

As Ff? represents the increment in free energy for the reaction of forming the given compound in the gaseous 

from the elements carbon (solid, graphite) and hydrogen (gaseous), with all the reactants and products 

ieir appropriate standard reference states at the temperature indicated. 





gE 23.— Values * of the free energy of formation, AFf°, for the siz pentenes, for 
the ideal gaseous state, to 1,500° K 


He = : | 


| ; ; 

| Temperature * in ° K 

- | 

ympound (gas) For- 208.16 : é | § f 7 | 
| mula | 0 208.16 300 400 500 00 700 S00 


| | Free energy of formation,» AFf°, in kcal/mole 


78 | 44.65 | 53.69 | 62.81 


Pentene | CsHio | 1.019 | 18.787 | 18.930 | 27.16 | 35 
s-2-Pentene | CsHio |—0. 178 | 17.173 | 17.322 | 25.62 | 34.41 43.48 | 52.72 | 62.11 | 
trana-2-Pentene CsH, |—1.362 | 16.575 | 16.723 25. 08 33. 87 42. 91 §2.12 | 61.43 | 
}-Methyl-1-Butene | CsHyo |—2. 303 | 15.509 | 15.659 | 24.03 32.82 | 41.85 | 51.06 | 60.37 | 
Methyl-1-Butene | CsHy |—0. 681 | 17.874 | 18.029 26. 62 35. 50 44. 63 53.94 | 63.34 
t 2-Methyl-2-Butene | CsH, ~3.677 | 14.267 | 14.414 22. 88 31. 82 41.03 50.42 | 59.04 


Temperature * in ° K 


| 
Cor i . For- | 
ympound (gas) mula | 200 1,000 | 1,100 | 1,200 | 1,300 | 1,400 1,500 | 
| 
| Free energy of formation,» AFf°, in kcal/mole 
; 
Ee .| CsHw | 72.02 | 81.27} 90.55 | 99.86 | 109.19 | 118.46 | 127.71 
s-2-Pentene IOs CsH yo 71. 58 81.10 | 90.63 | 100.22 | 109.80 | 119.36 | 128.88 
trens-2-Pentene........... CysHu 70. 86 80. 31 89.79 99. 28 | 108.78 | 118.26 | 127.74 
}Methyl-1-Butene __- CsHvw 69. 76 79.20 | 88.65 98.14 | 107.63 | 117.10 | 126.53 
Methyl-1-Butene__ : Cyl 72. 82 82. 35 91.88 | 101.46 | 111.01 | 120.52 | 130.00 
2Methyl-2-Butene CsHy 69. 57 79. 25 88. 04 98.66 | 108.39 | 118.12 27.81 | 





see footnote ‘‘a’’ of table 3. ; : : ; 

4Ff° represents the increment in free energy for the reaction of forming the given compound in the gase- 
S state from the elements carbon (solid, graphite) and hydrogen (gaseous), with all the reactants and 
icts in their appropriate standard reference states at the temperature indicated. 
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TABLE 24.—Values* of the free energy of formation, ~/ for the 17 hexenes, { 
the ideal gaseous state, to 1,500° K ‘ 
| Temperature * in °K 
Compound (gas) | For 0 | 298.16 300 400 500 600 700 \ 
- mula | | = 
es ee © = = 
Free energy of formation, > AF/°, in kcal/mole 
Lt BY a ‘ 1-H 
1-Hexene : CsHw | —2.69 20.80 | 20.99 31.6 42.7 54.1) 65.6 77 " ~ 
is-2-Hexene _.| CeHw —3. 89 19. 18 19. 36 30. 0 41.2 52.7 64. 4 Ni 
trans-2-Hexene | CoH —5.19 18.46 | 18.65 29. 3 40. 5 52.0 63.7) 7 De 
cis-3-Hexene | CesHig | —3. 6 19. 66 19.86 | 30.7 42.0 53.7 65. 7 7 1] 
trans-3-Hexene | CoH | —5.02) 18.86) 19.06) 2.9) 41.2 52.8 64.6 | 76¢ ‘ 
| | | } 1_T) 
2-Methyl-1-pentene.__| CsHi: | —6. 04 17. 48 17. 67 28.4 39. 6 51.1 62.7 74 Tr 
3-Methyl-l-pentene | CeHis 1. 37 20.28 | 20.47 | 31.3 | 2.51; 6540 65. 6 77 , 
4-Methyl-1-pentene.__| CoH: 3. 86 19. 90 20. 09 31.0 | 23) 540 65.8 7 >, 
2-Methyl-2-pentene CsHu | —6. 99 16.34 16.54 27.4) 38.8 50. 5 62. 4 74 He 
cie-3-Methy?-3-pentens) CeHia | —6.35 16. 98 17.18 | 28.0 39. 4 51.1 63. ( 
| | | | | 1-He 
trans-3-Methyl-2- | | + 
pentene | CeHy —6, 35 16. 74 16. 93 | 27.7 39. 0 50. 6 | 62.4 74 N 
*is-4- Methyl-2-pentene| CeHi2 | —5. 42 18. 40 18. 60 29. 6 41.0 §2.7 64. 6 } Ei 
trans-4-Methyl-2- | 
pentene CsHi2 | —6. 67 17. 77 17. 96 29. 0 40. 5 64.2 ne 
2-Ethyl-1-butene CeHw | —5.17); 18.51 18. 71 29. 6 40.9 64.4 7 . 
2, 3-Dimethyl-l-butene| CeHy —7.10 17. 43 17. 63 28.7 | 40. 2 64. | 
| 3,3-Dimethyl-l-butene) CsHy» | —6.18 | 19.04] 19. 25 30.7 | 42.6 54.9) 67.3 
2, Dimethyl-2-butene| CsH1 | —7. 96 16. 52 16.72) 27.9) 39.7 51.8{| 641 7 
| Temperature * in ° K 
| 
Compound (gas) Le. a 900 | 1,000 1,100 1,200 | 1,300 1,400 | 13 
ee SESE Ce Dies Bast ae He 
Free energy of formation, > AFf°, in kcal/mole < 
maenmeeinemes yn matinee tee See aS ee a De 
j Ur 
l-Hexene . | CoH | 89.1] 100.9) 1127] 1246] 136.5) 148.3 
cis-2-Hexene | CeHy | 88.3 100. 3 1-De 
trans-2-Hexene ioe ....| CoH 87. 4 99. 4 1-Tr 
cis-3-Hexene --------| CoHis | 89.9 102. 1 re 
trans-3-Hexene CeHia 88.6 | 100.6 | Pe 
-H 
2-Methyl-1-pentene | CeHy | 86.4] 98.3 
+ Methyl-l-pentene .---| CoHiz | 89.2] 101.2 1- He 
4 Methyl-l-pentene ‘ | CeHy | 89.7; ILOLS 1-Oc 
2-Methyl-2-pentene | CeoHw 86.6} 98.8 LN 
is-3- Methyl-2-pentene , CsHy 87.2; 99.4) Ej 
| | | 
trans-3-Methy]-2-pentene. - CsHw | 86.5 98. 6 A pe 
cws-4-Methyl-2-pentene CeHia 88.8 101.1 
| trans-4-Methyl-2-pentene CeHia 88. 4 100.7 | 
| 2-Ethyl-l-butene soceaet Colles 88.4] 100.5 | ote f 
2, + Dimethyl]-1-butene _ _- CsHy 88. 2 100. 4 | Al 
, Dimethyl-1-butene.- CsHw 92.4 105. 0 th 
2, 3-Dimethyl-2-butene ~--| CeHis 89. 2 101.8 





® See footnote “‘a’’ of table 3. 

> AF f° represents the increment in free energy for the reaction of forming the given compound in the 
atefrom the elements carbon (solid, graphite) and hydrogen (gaseous), with all the reactants and pr 
their appropriate standard reference states at the temperature indicated. 
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mpound (gas) 


|-Heptene 

|-Octene 
Nonene 
Decene 

1-Undecene 


1- Dodecene 

1-Tridecene 
|-Tetradecene 
entadecene 
Hexadecene 


|-Heptadecene 
|-Octadece ne 
l-Nonadecene.- 
1-Eicosene 


A per CH: 


Compound 


Heptene 
tene 
nene 

Decene 
ndecene _. 


1-Dodecene 
rridecene 
letradecene 
Pentadecene 

1-Hexadecene.. 

l-Heptadecene 

1-Octadecene 

1- Nonadecene 
Eicosene 


Aper CH 


*See footnote “‘a’”’ 


4 


For- 
mula 


= 
_ 


(gas) 


of table 3. 


-Values* of the free en 
for th 


1dea 


For- 


mula 





of Monoolefin Hydrocarbons 


585 


ergy of formation, AFf°, for the higher 1-alkenes, 


gaseous state, to 1,500 K 














Temperature in »K ° 
- ———~ - a NSS... °eerrn — 
298. 16 300 400 500 600 700 soo | 
Free energy of formation,» AFf°, in kcal/mole 
’ - — | 
22. 84 23. 08 36. 1 49.6 63. 5 77.6 91.8 | 
24.89 | 25.17 40. 6 56. 6 72.9 89.5 | 106.3 | 
26.94 | 27.26 45.1 63. 5 82.4 101.5 | 120.8 | 
28.99 | 29.35 49.5 70 4 91.8 | 113.4 | 135.2 | 
31.03 | 31.44] 54.0 77.4 | 101.2 | 125.4 | 149.7 | 
33.08 | 33.53 58.5 84.3 | 110.6 | 137.3 | 164.2 | 
35.13 | 35.62] 63.0] 91.2] 120.1 | 149.3/178.7 | 
37.18 | 37.71 67 98.2 | 129.5 | 161.2 | 193.2 | 
39.23 | 39.80 71.9 | 105.1 | 138.9 | 173.2 | 207.7 | 
41.89 | 76.4) 112.0 148.3 | 185.1 | 222.1 
| 43.98/ 80.9] 118.9] 157 197.1 | 236.6 
| 46.07 85.4 | 125.9 | 167.2 | 200.0 | 251.1 | 
| 48.16 | 89.8] 132.8] 176.6] 221.0 | 265.6 | 
|} $0.25 | 94.3] 139.7 186.1 | 282.9 | 280.1 | 
| | | | 
| } | | 
2.048 | 2.090 | 4.47] 6.93 | 9.43) 11.95 | 14.48 | 
= ! _ | 
Temperatures in ° K 
900 1. 000 1, 100 1, 200 1, 300 1, 400 1,500 | 
| 
Free energy of formation,» AFf°, in kcal/mole 
. ~~ 5 —- Se” 
106.1 | 120.5 | 1348] 149.2] 163.7] 178.0] 1924 
123.1 | 140.0 | 157.0 | 173.9 | 190.9] 207.8 | 224.7 
140.2 | 159.6 | 179.1 198.6 | 218.1] 2: 257.1 
157.2 | 179.2 201.2 223.3 245.3 289. 4 
174.2 | 198.8 | 2233 | 247.9 | 272.5 321.7 
} 
191.3 | 218.4 | 245.4 | 272.6 | 209.7 | 3269 | 354.1 
208.3 | 237.9 267. 6 297.3 327.0 356. 6 386. 4 
22: 257.5 | 289.7 | 321.9 | 354.2 | 386.4] 418.7 
277.1 | 311.8 | 3466] 381.4 416. 1 451.1 
296. 7 3.9 | 371.3 408.6 | 445.9 | 483.4 
276. 4 316.3 356. 0 395. 9 435.8 $75.7 515.7 
293. 4 335. 8 378.1 420. 6 463.0 505. 4 548.1 
310.5 355. 4 400. 3 445. 3 490. 3 2 5 4 
327.5 | 375.0 | 422 469.9 | 517.5 65.0 | 612.7 
17.03 | 19.58 | 22.12 | 24.67 | 27.22 29.76 32. 33 





represents the increment in free energy for the reaction of forming the given compound in the gaseous 


from the elements carbon (solid, graphite) and hydrogen (gaseous), with all the reactants and products 
their appropriate standard reference states at the temperature indicated. 
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FREE ENERGIES AND EQUILIBRIA OF ISOMERIZA- 
TION OF THE BUTENES, PENTENES, AND HEXENES 


From the values in tables 22 to 28, calculations were made of the 
lues of the free energies and equilibrium constants for the isomeri- 
ation of the butenes, pentenes, and hexenes, according to the reaction 


C,.H2, (normal l-alkene, gas)=C,H),, (isomeric alkene, gas). (6) 


The resulting values given in tables 30 and 31, under the following 
adings, for the isomerization reaction as written: AF°/7, the stand- 
i free-energy change divided by the absolute temperature; K, the 
librium constant. In tables 32 and 33 are given values of N, the 
ole fraction of the given isomer present at equilibrium with its other 
ene isomers. For any two isomers, the ratio of the corresponding 
lues of K (or of N) in tables 30 to 33 give the ratio of the amounts 
those two isomers present at equilibrium with one another in the 
; phase at the given temperature. For the purpose of retaining the 
nificance of their change with temperature, the values in tables 
to 33 are written with more figures than are warranted by the 
solute uncertainty. 
in figures 3, 4, and 5 are plotted, as a function of the temperature, 
values of AF° T given in tables 30 and 31 for the isomerization of 
butenes, pentenes, and hexenes. These plots may be compared 
corresponding plots for the butanes, pentanes, hexanes, hep- 
es, Octanes, butynes, and pentynes [4, 5, 6]. From these charts, 
may see at a glance, for any temperature in the given range and 
thin the limits of uncertainty of the calculations, which of the 
wmers is thérmodynamically most stable (lowest value of AF°/T) 
id which is the least stable (highest value of AF°/7) 
In figures 6, 7, and 8 are plotted, as a function of temperature, for 
tenes, pentenes, and hexenes, respectively, the amounts, in mole 
tion, of each of the isomers present at equilibrium with its other 
‘ene isomers in the gas phase, as given in tables 32 and 33. The 
rtical width of each band gives the mole fraction for that isomer at 
selected temperature. ‘The mole fractions of the several isomers 
plotted additively, so that their sum is unity at all temperatures. 
figure 9 gives a comparison of values from this report with experi- 
ntal values for certain equilibria of isomerization among the un- 
anched butenes and pentenes: (a) cis-2-butene and trans-2-butene, 
m references [7, 8, 9]; (b) 1-butene= (cis+trans)-2-butene, from 
erences [7, 8, 10]; (c) 1-pentene = (cis+-trans)-2-pentene, from refer- 
e fil]. 
Table 34 gives a comparison of values from this report with experi- 
ntal values for certain equilibria of isomerization of branched-chain 
enes and hexenes: (a) 2-methyl-1-butene, 3-methyl-1-butene, and 
ethyl-2-butene, from reference [11]; 2,3-dimethyl-1- butene, 3,3- 
ethyl-1-butene, and 2,3-dimethyl-2-butene, from references [12, 
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FiGuRE 3.—Free energy of isomerization of the butenes. 


1 





The scale of ordinates gives the value of A F°/T, in calories per degree mole, for the isomerization of 1- 
tene into the other isomers, in the gaseous state, as indicated. The scale of abscissas gives the temperature 
in degrees Kelvin. 
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Figure 4.—Free energy of isomerization of the pentenes. 


The scale of ordinates gives the value of A F°/T, in calories per degree mole, for the isomerization of 1-pen- 
tene into the other isomers, in the gaseous state, as indicated. The scale of abscissas gives the temperature 
n degrees Kelvin. 
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Figure 7.—Equilibrium concentrations of the pentenes. 
The scale of ordinates measures the amount in mole fraction, and the scale of abscissas gives the temper 
ature in degrees Kelvin and degrees centigrade. The vertical width of a band at a given temperature meas- 


wes the mole fraction of the given isomer present when at equilibrium with all of its other isomers, in the 
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Figure 8.—Equitlibrium concentrations of the herenes. 





The scale of ordinates measures the amount in mole fraction, and the scale of abscissas gives the temper- 
sture in degrees Kelvin and degrees centigrade. The vertical width of a band at a given temperature meas- 
res the mole fraction of the given isomer present when at equilibrium with all of its other isomers, in the 
gas phase. 
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Figure 9.—Comparison of the calculated values of the equilibrium constant with i 
experimental data for several equilibria. 


The scale of ordinates gives the value of the logarithm (to the base 10) of the equilibrium constant for 
three given equilibria in the gaseous state. The scale of abscissas gives the temperature in degrees Kel’ 

The experimental data, represented by points, are from the following investigations: 

cis-2-butene (gas) =trans-2-butene (gas): Frey and Huppke [7] A; Shell Development Co. [8] 
tiakowsky [9] 0 

1-butene (gas) = (cis+-trans)-2-butene (gas): Frey and Huppke [7] A; Shell Development Co. [8 
Turkevich [10] < 

1-pentene (gas) = (cis+-trans)-2-pentene (gas); Ewell and Hardy [11] @. 

The calculated values are given by the solid line in each case, with the estimated uncerta‘nty gi 
the bordering dashed lines. 
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[ane 30.—Summary of values of the free energies and equilibrium constants for 
he isomerization of the butenes and pentenes in the ideal gaseous state to 1,500 ° K 


BUTENES PENTENES 





per- 1-Butene=cis-2 Butene =trans-2- 1-Butene=2-methy! 1-Pentene=cis-2- 


putlene propene ventene 
, 


K cal/deg mole lideg mole sal/deg mole cal/deg mole 
8. Lf 3. 93 7. 21 6. 38 24.8 8. 84 85.3 —§. 41 15.2 
3. 89 7. 08 24.1 8. 76 82.0 —5. 36 14.8 
100 2. 43 3.4 4. ( 7.74 5. 74 17 3, 84 6. 91 
) 40) 2. 02 2. 6 3, 81 3. 9O 7.12 2. 73 3. OF 
) 0. 647 s 1. 70 2. 35 2 66 3. 82 1. 95 2. 67 
") - 059 1. 03 977 1. 63 1.77 2.44 —1.38 2. 00 
) +. 420) 0. 81 423 1. 24 1. O8 1.72 0. S86 l 6 
) + 804 667 1. (2 0. O88 0. 548 1,32 — FOO 1. 29 
) +1.12 568 +. 392 $21 112 1.06 177 1.09 
100 4-1. 39 49) . 695 705 +-. 248 0. 883 072 0. 964 
) 1.63 14 +. OFF 630 4. 552 757 303 859 
0) 4.1. 84 95 +118 2 L 816 663 +. 469 790 
) 2. 03 361 l 02 +1. 04 3 +. 64 723 
” 2.19 2 4 461 +1. 23 8 +-. 791 675 
PENTENES (continued 
per- | 1-Pentene=frans-2 l-Pentene=2-methyl- |1-Pentene=3-methyl-| 1-Pentene=2-methy]- 
pentent l-butene 1-butene 2-butens 
AF®°/T K AF°/T K AF°/T K AF*°/T K 
K ui/deg mole ral/deg mole cal/deg mote! cal/deg mole 
95. If 7.42 41.8 11.0 253 3. 06 | 4.66 15.2 2060 
~ 7. 36 40. 6 10.9 242 —3.00 4.54 15.1 1950 
$00 20 13.7 —7. 84 51.6 —1. 36 1. 98 —10.7 218 
5O0 —3. 81 6. 81 5. 89 19.4 ~0. 559 1.33 7.91 53.6 
600 2.89 4.28 4. 66 10. 4 —.022 | 1.01 6.03 20.8 
70K 2. 24 09 7¢ 6. 62 +. 362 0. 833 4. 67 10 
a) 1.73 2 s ( 4 f + 656 719 ; 59 6.09 
0 1. 30 1. 92 2 Sl 5 4 +, RR2 642 2.73 ; 
00 0. OF 1. 62 2.07 2.84 +1. 08 581 2.03 2.77 
0 69 1. 42 7 2. 39 +1. 21 545 1. 47 2. 10 
100 —, 484 1. 28 1, 43 2. 05 +1. 33 . 511 0. 993 1. 65 
x) 312 17 , LS +-1. 40 404 612 1. 36 
“ 141 1. 07 re 1. 63 +1. 48 476 244 1.13 
’ 23 9S9 1. 48 +1. 53 464 +. 069 0. 97 


693459—46 —* 
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TABLE 31.—Summary of values of the free energies and equilibrium constants fy TABLE | 
the tsomerization of the hexenes in the ideal gaseous state to 1,000° K 








| HEXENES 
Temper- 1-Hexene = 1-Hexene= 1-Hexene= 1-Hexene= | amen ae my 
ature cis-2-hexene trans-2-hexene, cis-3-hexene | atten pentene | pentene 











. | ——| —/|——___- 
4P°/T| K |AF°/T| K |AFYT| K laFe/r| K |AF°T| K | AFT K 











cal/deg | cal/deg cal/deg | cal/deg| cal/deg cal/deg 
°F mole | mole | | mole | mole | mole | | mole 
| 298. 16 —5. 46 115.6 |—7.87 | 52.5 |—3.84 | 6.91 |—6. 51 26.5 |~11.1 (273 }—1. 76 2. 42 
| 300 —5.43 |15.4 |—7.83 |} 51.4 |—3.79 | 6.75 |—6.46 | 25.8 I—11.1 |263 j—1.73 2. 39 
| 400 |; —4.01 | 7.53 |—5. 67 | 17.4 |—2.37 | 3.29 |—4, 34 8.87 | —8.08 | 58.4 |—0. 793 | 1.49 
| 500 | —3.02 | 4.58 |—4.34 8.90 |—1.31 1.93 |—2.96 | 4.43 | —6.27/ 2.4] — 45: 1,2 
600 —2.29 | 3.16 }—3. 42 5. 59 | —0. 547 1.32 | —2. 05 2. 81 —5. 04 12.6 | —.176 | 1.09 
| | | | | | 
700 —1.72 | 2.38 |—2. 75 4.00 | +. 0238) 0. 988) ~—1. 43 | 2.05 | —4.14 8.03) —. 0137 1.01 
| 800 —1.29 | 1.91 |—2.28 | 3.15 | +.478 | .786|—-0.968) 1.63 | —3.49| 5.791 + o6R2! 0 ons 
900 } —0.910) 1.58 |—1. 84 2.52 | +.872] .645) —. 544) 1.32] —2. 96 | 4. 43) +.193 OOS 
1, 000 } —. 626) 1.37 |—1. 62 2.15 |+1.170 | .555) —. 244) 1.13 | —2 54 3. 59) +. 269 874 
| 1-Hexene= | 1-Hexene= 1-Hexene= 1-Hexene = | 1-Hexene= 
4-methyl-l- | 2-methyl-2- cis-3-methy]-2- trans-3-methyl | cis-4-methy]-2- 
pentene pentene pentene 2-pentene pentene 
z 


4F°/T K 4F°/T| K | AFT K 4F°/T | K | AF*/T K 
| 














| | | | 
cal/deg | | cal/deg | cal/deg | | cal/deg | cal/deg | 
mole | mole mole mole | mole 
298. 16 3.03 | 4.60 —15.0 [1,870 —12.8 634 | —13.6 954 —8. 05 57.4 
300 —3.00 | 4.52 |-149 [1,770 | -127 | 605 —13.5 | 909 —7. 97 2 
| 400 -1. 57 2.21 |—10.6 210 —9.03 | 94.0 —9.84 | 141 —5.11 | 13.1 
| 500 —0. 725 1. 44 —7,.9 | 53.2 —6.62 | 28.0 —7.43 | 42.0 | —3.47 5.74 
600 —.134| 1.07 | 6.03} 20.8) —4.97/ 122 | -5 78] 183 | -231 | 3.2 
| | | | | 
7000 | «6 +.235| 0.888) —4.68/) 10.5] -3.77| 666/ -—4.58/ 10.0 | —1. 46 2. 08 
800 +. 485 | . 784 | —3. 63 | 6.22) —2.83 4.16 —3.64 | 6.26!) —0.810 1. 
900 +. 747 | . 687 —2.79 | 4.06, —2.08 2. 84 —2. 89 | 4.27; —.290 1. 16 
1, 000 | +. 918 - 630 | —2.11 | 2.89) —1.47 2. 09 —2.28 3.15 | +.174 0. 916 
| 
1-Hexene= 9: BRenemec 1-Hexene= | 1-Hexene= | 1-Hexene= 
trans-4-methyl- | , th Ks eon 2,3-dimethyl-1- | 3,3-dimethyl-1- | 2,3-dimethy]-2 
| 2-pentene oetny!-i-bute “| butene butene butene 
| | 
| | 
AF°/T | K 4F°/T| K | AF/T| K AF°/T K | AF°/T K 
cal/deg | cal/deg | cal/deg cal/deg | cal/deg | 
mole mole } mole | mole | mole | 
298.16 |—10. 2 169 —7.69 | 47.9 | —11.3 | 296 —5. 91 19.6 —14.4 {1,390 
300 —10.1 | 161 —7.62 | 46.2 | —11.2 | 281 —5.82 | 187 | —14.3 [1,310 
400 —6.48 | 26.1 —5.14 13.3 | —7.17 36.9 —2.40 | 3.35 —9.25 | 105 
500 —4, 46 9.45/ —3.58/) 6.06) —4.94 } 12.0 —0.2098 | 1.16 | -—6.01/ 20.6 
600 —3.07 | 4.70 | —2. 54 | 3. 60 —3.45 | 5.68 | +1.30 |} 0.533 | —3.80 | 6. 76 
| | | | | | 
700 «=| —2.08 2.84) -1.79/ 246] -—238/] 3.32 | +2. 41 .301} —219 3.02 
800 —1.35 1.97 | —1. 24 1. 86 —1. 60 | 2.24 | +3.17 . 203 —0. 044 1. 61 
900 —0.713 1. 43 —0. 772 1. 48 —0. 972 1.63 | +3.71 . 158 +. O88 0. 957 
1, 000 —, 221 1.12 —. 426 1.24 —. 461) 1.2 +4. 07 - 128 | +. 913 . 632 
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T\BLE 32.—Values of the equilibrium concentrations for the isomerization of the 
butenes and pentenes in the ideal gaseous state to 1500° K 








| 
| Composition, in mole fraction, of equilibrium mixture of isomers 
m1" a cee 
l'empera- a 
ture | BUTENES 
1-Butene cis-2-Butene trans-2-Butene 2-Methylpropene 
“ ba - RREEEEE Ghee. URS a 
°K | | | 
298. 16 0. 0084 0. 0609 0. 210 | 0. 721 
300 . 0088 . 0620 .211 . 718 
400 . 0334 | .114 | 259 . 595 
500 .0717 . 145 } 273 . 510 
600 | 117 . 161 . 275 . 447 
| | | 
700 . 164 . 169 | . 267 . 400 
800 | . 210 } . 170 . 260 . 360 
900 | - 252 | . 168 . 249 . 332 
1, 000 | . 290 | . 165 . 238 . 305 
1,100 | . 324 161 2 . 286 
1,200 | . 354 . 156 223 . 268 
1, 300 | . 383 151 211 . 254 | 
1,400 | .414 | .149 .191 . 246 
1, 500 . 429 142 . 198 . 231 
PENTENES 
1-Pentene cis-2-Pen- trans-2- | 2-Methyl-| 3-Methyl- | 2-Methyl- 
name tene Pentene 1-butene l-butene | 2-butene 
eae aia BSS Seine Oh ee ee 7 
298. 16 0. 0004 0. 0064 0. 0176 0. 107 0. 0020 0. 867 
300 | . 0004 . 0066 . 0180 107 . 0020 . 866 
400 | . 0034 0236 . 0468 176 . 0068 | 744 
500 | 0116 0459 . 0789 | a | 014 | 621 
600 |. 0249 . 0666 107 |. 260 | 0252 | = .517 
700 0016 «6|)6=«| 60884 «| C120 | S26 |S 0847 | . 436 
800 0610 | 0952 | . 145 . 283 . 0438 . 371 
900 0811 | . 104 } . 156 | 237 | .0520 | 320 
1, 000 | .101 | .110 . 164 236 | . 0587 | . 280 
1100 | .19 | 115 . 169 234 | 0648 249 
| 
1, 200 . 136 117 174 . 279 0696 | . 224 
1, 300 .151 .119 | .176 275 =| . 0744 . 205 
1, 400 . 166 . 120 | . 178 | . 270 . 0788 . 187 
1, 500 | .179 121 | 177 | 266 | . 0831 .173 
| = S et we ae 








602 Journal of Research of the National Bureau of Standards 


33.—Values of the equilibrium concentrations for the isomerization of th 


TABLE 
herenes in the ideal gaseous state to 1,000° K 


Composition, in mole fraction, of equilibrium mixture of isomers 


HEXENES 


‘empera- 
ture — = aetna in 


- | trans-2- aT trane-3- 
-Hexene '3-2-Hexene cis-3-Hexer 
1-Hexene | cis-2 Hexene | Hexene cis-3-He é Sesame 


0. 000172 0. 00269 0. 00903 0.00119 0. 00456 0. 0469 
000181 . 00278 .00931 | . 00122 . 00468 0477 
. 00135 0101 . 0234 00443 -0119 
. 00444 0203 i . 0395 j . 00858 0197 
. 00957 } . 0302 . 0535 0126 0269 


0162 ! 0386 . 0649 | .0161 | 0333 
0238 . 0455 . 0749 0187 0388 
. 0322 | 0509 0812 | . 0208 0423 
. 0404 . 0554 | . 0869 . 0224 





3-Methyl-1- | 4-Methyl-1- | 2-Methyl-2-| cis-3-Meth- | ,7°"**, | cis-4-Methy 
. decd 2-pente! 


pentene pentene pentene yl-2-pentene pentene 


0. 109 
.110 
. 12 
. 124 

117 


0. 000416 
000433 
0021 

. 00558 
. 0105 
. 108 


ogy 


0164 
0230 
0292 
0353 


091 


| trans-4-Methy]l- 2-Ethyl-1 2,3-Dimethyl- | 3,3-Dimethyl- | 2,3-Dim«e 
2-pentene > -bt 1-butene 2-buter 


0. 0291 0. 00824 0. 0509 0. 00336 0. 239 
00837 . 0509 00339 237 
00451 - 141 
0419 0269 0534 00516 . 0916 
. 0450 0344 0544 00511 . 0648 


0292 
0351 .0179 . 0500 


0462 0400 . 0539 00490 . 0490 
. 0469 . 0444 0534 00483 . 0383 
0461 | 0475 . 0525 . 00509 0308 

0452 . 0501 . 0510 00519 0255 


Dtal 
pr 
nd | 
lunct 
onst 
som 
table 





of the 
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LE 34.—Comparison of values from this report with experimental values for 
tain equilibria of isomerization of branched-chain pentenes and hexenes 


PENTENES 


Temper- 3-Methyl-1- 2-Methy!l-1- 2-Methyl-2- 


Source 


ature | butene butene butene 
ve? 7 | 
K Mole fraction at equilibrium 
Experimental [11] 631 0. 034 0. 273 0.693 =| 
Calculated (this report) 631 . 036 . 339 625 | 
HEXENES 
Source Temper- | 2,3-Dimethy]- | 3,3-Dimethyl- | 2,3-Dimethyl- 
ature 1-butene 1-butene 2-butene 
K Mo Ne fraction at equilibrium 
Experimental [12] 573 0 2 0. 034 0. 634 
Experimental [13] 545 337 038 625 
Experimental [14} 558 28 07 65 
a 545 395 038 | 567 
leulated (this report pl . ps 
. t \ 57 419 040 | 41 


EQUILIBRIUM CONSTANTS FOR SOME REACTIONS 
INVOLVING HYDROGENATION, DIMERIZATION, AND 
ALKYLATION 


In figure 10 are plotted, as a function of temperature, values of the 
garithm of the equilibrium constant for the reaction of hydrogena- 
n of a given normal 1-alkene to the corresponding normal paraffin 
The curves show the change in the value of the logarithm of the 
juilibrium constant of hydroge nation with increase in number of 
rbon atoms in the molecule. Table 35 gives the numerical values 
ithe equibbrium constant, and of its logarithm, for these reactions 

‘hydrogenation. Table 36 gives a comparison of values from this 

port with experimental values for certain equilibria of hydrogenation 

rom reference [7, 15}. 

Table 37 presents numerical values of the equilibrium constant, 
an nd of its logarithm, for some reactions of dimerization. In figure 11 

‘e plotted, as a function of temperature, values of the logarithm of 
he equilibrium constant for these reactions of dimerization. The 
ffect of changing isomers, either reactants or products, can be deter- 
mined readily from tables 30 and 31. 

Table 38 presents numerical values of the equilibrium constant, 
and of its logarithm, for some reactions of alkslation, which is the 
ddition of a paraffin to a monoolefin molecule. The value for 
2.2,5-trimethylhexane used in these calculations is a preliminary one 
btained by adding to the value for 2,2,4-trimethylpentane [5], the 
ppropriate difference between the values for 2,4-dimethylpentane 
ind 2,5-dimethylhexane from [5, 16]. In figure 12 are plotted, as a 
function of temperature, values of the logarithm of the equilibrium 

onstant for these reactions of alkylation. The effect of changing 


isomers, either reactants or products, can be determined readily from 


tables 30 and 31 of this report and the tables in references [5, 16]. 
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Ficure 10.—Logarithm of the equilibrium constant for the reaction of hydrogenat 
of 1-alkenes to n-paraffins. 


The scale of ordinates gives the value of the logarithm (to the base 10) of the equilibrium constant fort 
reaction of hydrogenation of a given l-alkene to the corresponding normal paraffin, in the gaseous stat 
The scale of abscissas gives the temperature in degrees Kelvin. The values calculated for propylent 
1-butene, and the higher 1-alkenes all fall within the width of the heavy line indicated. The corresponding 


numerical values are given in table 35. 
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FigurRE 11.—Logarithm of the equilibrium constant for some reactions of dimerization, 








he scale of ordinates gives the value of the logarithm (to the base 10) of the equilibrium constant for some 
reactions of dimerization of l-alkenes to l-alkenes, in the gaseous state. The scale of abscissas gives the 
temperature in degrees Kelvin. The lowest curve shown is that for l-pentene and higher l-alkenes. The 
sorresponding numerical values are given in table 37. 
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Be | > é 
/Ethylene + Isobutane * 2,3-Dimethylbutane S = 
Fa Propylene + Isobutane = 2,3-Dimethylpentane > = 
X 
\ | = 
~~ > 
ae ~*~ z, © - S 
4 \ Oe, € 
8 | a | = 
\ ‘ ~ bf 
me . a } 3 
ele = Ste : 
~ 7, ‘tn 
a 8 SS 7 = : 
~ — ‘ 
~a ST S 
Isobutene + Isobutane = 2,2,4-Trimethyipentane } z 
- oll ~ 
6r 2-Methyl-2-butene + Isobutane * 2,2,5-Trimethy!hexane’ é 
> 
-6 ot = 
-10r- ~" 2 
! ! 1 ! | =—— ial : 
300 400 500 600 700 800 900 i000 i200 s 
TEMPERATURE IN °K 3 
& 
Figure 12.—Logarithm of the equilibrium constant for some reactions of alkylati = | 
The scale of ordinates gives the value of the logarithm (to the base 10) of the equilibrium constant for : 
some reactions of alkylation (addition of an olefin to a paraffin to form a paraffin), in the gaseous state. 1 = 
scale of abscissas gives the temperature in degrees Kelvin. The corresponding numerical values are giv: i | é 
in table 38, 4 : 
aie 
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sLE 36.—-Comparison of values from this report with experimental values for 
certain equilibria of hydrogenation 


Logarithm of equilibirum con- 
stant, logie K 


| | 
| ' 
Reaction (gas pt Tem per- 
ROOEES Wee pase) jature ° K 





Experi- Caleu- | Diiffer- 
|} mental lated | ence 


Frey and Huppke [7] 





673 4.112 0. 255 

C2Hi+Ha= CH. 7Z 3. 342 223 
773 | 2. 660 165 

{f 623 | 3.577 157 

C;:Hy+H.=Cs3Hs. 673 | 2.780 . 122 
723 =O 2. 087 —, 044 

| 623 3. 691 344 

1—C,Hs+ H2=n-CiHo + 673 2. 871 213 
| 723 | 2. 153 028 

! 623 3. 348 267 

trans-C4Hs+H;=n-C Ho 673 2.613 204 
| 723 | 1. 975 21 

| 623 | 3. 569 . 285 

cis-C,H_+- Hy =n-CyHyo 673 } 2.819 217 
| 723 2. 170 110 

| 623 2.911 141 

iso-C Hs + Hy =is80-CyHyo 673 2. 154 154 
7% 1. 496 119 

Kistiakowsky [15] 

. . f 723 3. 287 3. 342 0. 055 
‘ aH t Hy=( aHe ) 653 4.304 4.439 | 045 
f 648 3. 280 3. 160 —. 120 


CsHe+Hi=CsHs i 583 4. 434 4.319 an, 195 
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MATHEMATICAL TABLES 


Attention is invited to a series of publications prepared by the Project for the Computation of 
Mathematical Tables conducted by the Federal Works Agency, Work Projects Administration for 
the City of New York, under the sponsorship of the National Bureau of Standards. The tables 
which have been made available through the National Bureau of Standards are listed below. A 


list of other WPA tables obtainable elsewhere will be sent by the Bureau on request. 
There is included in this list a publication of the hypergeometric and Legendre functions (MT15), 
prepared by the Bureau. 
MT1. Taste or THe First Ten Powers or THe Inrecers From 1 To 1000: (1938) VIII-+-80 pages; 
heavy paper cover. Out of print. a 


MT2. Tasies or THE Exponentiat Function e*: The ranges and intervals of the argument and 
the number of decimal places in the entries are given below: 


Range of x Interval of x Decimals given 
— 2. 5000 to 1. 0000 0. 0001 18 
1. 0000 to 2. 5000 . 0001 15 
2. 500 to 5. 000 - 001 15 
5.00 to 10.00 - 01 12 


(1939) XV +535 pages; bound in buckram, $2.00. 


MT3. Tastes or Crrcutar AND Hyrersouic Smves AnD Cosmes ror Rapian Arcuments: Con- 
tains 9 decimal place values of sin x, cos x, sinh x, and cosh x for x (in radians) ranging from 
© to 2 at intervals of 0.0001. (1939) XVII-+-405 pages; bound in buckram, $2.00. 


M74. Tastes or Snves anp Cosmves ron Rapian Arcuments: Contains 8 decimal place values of 
sines and cosines for radian arguments ranging from 0 to 25 at intervals of 0.001. (1940) XIX 
+275 pages; bound in buckram, $2.00. 


MTS. Tastes or Sove, Cosme, AnD Exponentiat Inrecrais, Votume I: Values of these functions 
to 9 places of decimals from 0 to 2 at intervals of 0.0001. (1940) XXV1+-444 pages; bound in 
buckram, $2.00. 


MT6. Tasues or Snve, Cosme, AND ExponentiAt Inrecrars, Votume II: Values of these functions 
to 9, 10, or 11 significant figures from 0 to 10 at intervals of 0.001 with auxiliary tables. (1940) 
XXXVII-+ 225 pages; bound in buckram, $2.00. 


MT?. Taste or Naturat Locarrrums, Vorume I: Logarithms of the integers from 1 to 50,000 
to 16 places of decimals. (1941) XVIII-+-501 pages; bound in buckram, $2.00. 


MTS. Tastes or Prosasurry Functions, Votume I: Values of these functions to 15 places of 
decimals from 0 to 1 at intervals of 0.0001 and from 1 to 5.6 at intervals of 0001. (1941) 
XXVIII +302 pages; bound in buckram, $2.00. 


MT9. Tasie or Naturat Locarrrnms, Votume II: Logarithms of the integers from 50,000 to 
100,000 to 16 places of decimals. (1941) XVIII-+501 pages; bound in buckram, $2.00. 


MT10. Taste or Naturat Locarirums, Vorume III: Logarithms of the decimal numbers from 
0.0001 to 5.0000, to 16 places of decimals. (1941) XVIII-+-501 pages; bound in buckram, $2.00, 


MT11. Tastes or THe Moments or Inertia AND Secrion Mopun or Orpmary Ancties, CHan- 
NeELs, AND Bucs Ancies Wirn Certain Pirate Comsrmations: (1941) XIII-+-197 pages; bound in 
green cloth. $2.00. 


MT12. Taste or Natura Locarirams, Votume IV: Logarithms of the decimal numbers from 
5.0000 to 10.0000, to 16 places of decimals. (1941) XXII-+-506 pages; bound in buckram, $2.00. 


MT13. Taste or Sove anp Cosmne Iwrecrats FoR ARGUMENTS FROM 10 To 100: (1942) XXXII +-185 
pages; bound in buckram, $2.00 


MT14. Tastes or Prosasmrry Functions, Votume II: Values of these functions to 15 places of 
decimals from 0 to 1 at intervals of 0.0001 and from 1 to 7.8 at intervals of 0.001. (1942) XXI+-344 
pages; bound in buckram, $2.00. 


MT15. Tue Hyrercromerric anp Lecenpre Functions Wirn Appuications To Inrecrat Equa- 
tions OF Porentiat THeory. By Chester Snow, National Bureau of Standards. Reproduced 
ey original handwritten manuscript. (1942) VII-+-319 pages, bound in heavy paper cover. 

2.00. 


MT16. Taste or Arc Tan x: Table of inverse tangents for positive values of the angle in radians. 
Second central differences are included for all entries. x= {0(.001)7(.01)50(.1)300(1)2,000(10) 
10,000;12D} (1942) XX V +-169 pages; bound in buckram, $2.00, 


{Continued on p, 4 of cover} 
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MT17. Muscetraneous Puysicar Tastes: Prancn’s Raptation Functions (Originally published 
in the Journal of the Optical Society of America, February 1940); and Exectromic Funcrions, 
(1941) VII+58 pages; bound in buckram, $1.50. 


MT18. Taste or THe Zeros or THE Lecenpre PotynomiAts Or Orper 1-16 AND THE Weicur 
Coerricients ror Gauss’ Mecnanicat Quaprature Formuta. (Reprinted from Bul. Amer 
Marnemarticat Socrety, Octroser 1942.) 5 pages, with cover, 25 cents, 

MT19. On rue Function H (m, a, x)=exp (—ix)F (m+ 1—-ia, 2m-+ 2; 2ix); with table of the 
confluent hypergeometric function and its first derivative. (Reprinted from J. Math. Phys. 
December 1942.) 20 pages, with cover, 25 cents. a 


= = 
MT20. Taste or InrecRAus f Jolt)de and f Yo(t)dt, (Reprinted from J. Math. Phys., May 


1943.) 12 pages, with cover, 25 cents. 
= J,(t) 

MT21. Taste or jue= ff pt dt anp Retatep Funcrions, (Reprinted from J. Math. Phys,, 
June 1943.) 7 pages, with cover, 25 cents, 

MT22. Taste or Coerrictents ns Numericat Intecration Formutas. (Reprinted from J. Math, 
Phys., June 1943.) 2 pages, with cover, 25 cents. 

MT23. Taste or Fourier Cosrricients. (Reprinted from J. Math. Phys., Sept. 1943.) 11 pages, 
with cover, Out of print. 

M724. Coerricients ron Numericat Dirrerentiation Wrrn Centrat Dirrerences, (Reprinted 
from J. Math. Phys., Sept. 1943.) 21 pages, with cover, 25 cents. 

MT25. Seven-Point Lacrancian Intecration Formutas. (Reprinted from J. Math. Phys, 
Dec. 1943.) 4 pages, with cover, 25 cents. 

M126. A Snort Taste or tHe Finst Five Zeros or THE TRANSCENDENTAL Equation. Jo(x) Yo(kx)— 
Jol kx)Yo(x)=0. (Reprinted from J. Math. Phys., Dec. 1943.) 2 pages, with cover, 25 cents, 


M727. Taste or Corrricients ror Inverse INreRPOLATION Witrn Crntrat Drererences, (Re- 
printed from J. Math. Phys., Dec. 1943.) 15 pages, with cover, 25 cents. 


KAT28, Tase or fal= Ejay) a(x). (Reprinted from J. Math. Phys., Feb. 1944.) 16 pages, with 


cover, 25 cents. 


M129. Taste or Coerricrents ror Inverse InteRPotATION With Apvancirnc Drrrerences, 
(Reprinted from J. Math. Phys., May 1944.) 28 pages, with cover, 25 cents 


MT30. A New Formuta ror Inverse Inrerporation. (Reprinted from Bul. Amer. Mathe- 
matical Society, Aug. 1944.) 4 pages, with cover, 25 cents, 


M731. Coerricrents ror InrerPoLtaTiON Wrrnin 4 Square Gam mw THe Comprex Prange. (Re 
printed from J. Math. Phys., Aug. 1944). 11 pages, with cover. 25 cents. 


MT32. Taste or Coerrictents ron Dirrerences iv Terms or tHe Derivatives. (Reprinted 
from J. Math. Phys., Nov. 1944.) 4 pages, with cover, 25 cents, 


MT33. Taste or Corrricrents ror Numericat Inrecration Wrrnour Drrrerences. (Re- 
printed from J. Math. Phys., Feb. 1945.) 21 pages, with cover, 25 cents, 


MT34. Inverse InTeRPOLATION POR Eicut-, Nove-, Ten-, and Ereven-Pomrr Dmect Inrerpota- 
rion. (Reprinted from J. Math. Phys., May 1945.) 4 pages, with cover, 25 cents 

MT35. Taste or Coerricients ror Doustz Quaprature WirHout Drrrerences, ror INTEGRAT- 
mmc Seconp-Orper Dirrerentia Equations. (Reprinted from J. Math. Phys., Nov. 1945.) 
6 pages, with cover, 25 cents. 

M736. Formutas ror Direct AND INverse INTERPOLATION OF A CompLex Function TABULATED 
Aone Equrpistant Cincutar Arcs. (Reprinted from J. Math. Phys., Nov. 1945.) 3 pages, 
with cover, 25 cents. 


Payment is required in advance. Make remittance payable to the “National Bureau of Stand- 
ards” and send with order, using the blank form facing page 4 of the cover. 


A mailing list is maintained for those who desire to receive announcements regarding new tables 
as they become available. 











